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Abstract The protective value of a house during a tcie.iM. of toxic materials has 
been investigated to the atmosphere. A review of the relevant literature revealed 
wide agreement on dose reduction factors from 0.5 to 0.2. According to the 
literature indoor deposition rather than filtration by the building envelope was the 
main cause of the reduction, but very little information on indoor deposition 
exists. 
The main topic for this work has been the measurement of indoor deposition 
using monodisperse panicles in the size range 0.5 to 5.5 pm. labelled with neutron 
activatable tracers. The decay of aerosol concentration was measured and average 
deposition velocities were recorded in four houses. The results were consistent 
with increasing deposition velocities for increasing particle size and increasing 
degree of furnishing. 
Neutron activatable particles have been used for measurements of skin 
deposition velocities to a human volunteer. The deposition velocity was found to 
be 7.4±l.lxl()4 ms ' for the 0.5 um particles and 57±14 x I04 ms' for the 2.5 
um particles. These values of skin deposition velocities imply that the amount of 
pollutants deposited to the skin of a dressed person is more than an order of 
magnitude larger than the amount deposited in the lungs, and that skin deposition 
is an important pathway for toxics that can penetrate through the skin. 
Beryllium-7 was used as a tracer in a series of experiments. The activity 
distribution of this isotope was determined using a Berner low pressure impactor. 
Median diameters ranged from 0.7 to 1.1 um and it was found that t!« activity 
distribution followed the mass distribution of the accumulation mode for 
atmospheric particles f/O measurements have been made with two impactors. The 
results showed that the reduction in indoor air concentration was largest for supra 
micron particles. 
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1 Introduction 
When an atcident incurs that involves releases to the atmosphere of toxic 
materials the first action of the civil defense authorities is to urge people to go 
indoors and close lite windows and doors It is assumed thai the lumse will offer 
some prtttection against the inhalation of airborne gases and particles. Bui in 
1975 the Rasmussen ReportiWASH 1400(1975) disclaimed any protective value of 
houses in case of a release from a nuclear power plant. The authors slated that 
no measurements have shown such a protective value and thai sottner or later the 
concentration levels indoor would equal the outdttor levels because all houses 
hare air exchange with lite atmosphere. In response to this statement a research 
project was initiated al Risø to measure the actual ratio of indoor to mttdoor 
inhalation dose. 
As pari t»f an investigation the possiNe consequences of an accident on the 
nuclear power plant Barseha.k situated only 20 kilometres from Copenltagen a 
study on the reduction of inhalatiim doses indoors was initiated in 197H. Riso 
participated in this project tirgether with the Danish technology institute. Risos 
wort was terminated in 19X5 with a report hy Roed el altl9$5> which concluded 
that a dose reduction of 50 to 75 percent could be achie-ed by imloor residence 
during an accident. Later. Risø have started a research project together with 
Imperial College in Loiuhm to further investigate the mechanisms governing the 
indotn:outdoor ratio of pollutants and thus determining the protective value of 
houses. The first results of this project srumed that indotrr deposition was a very 
important parameter. As a resufl a Ph.D. project with special focus on this topic 
was started al Risø. 
1.1 Sources 
When toxic materials are transported away from an accident site hy the wind 
(hey will be in the form of a plume of gases and particles small enough to stay in 
the air. When discussing the protective value of a house the first question is. what 
arc the properties of the gases and particles in (he plume. 
Cases are generally divided into (wo groups: reactive gases and non-reactive 
gases. Any gas with a negligible deposition velocity is considered to be a non-
reactive gas. Noble gases arc examples of a rton-rcactivc gases. None reactive 
gases enter houses with lille or no filtration through the building envelop have a 
negligible deposition velocity, so the only way to reduce indoor inhalation is by 
ventilation of the building after a cloud passage. Lung deposition of these gasses 
is also negligible and usually, doses caused by these gases are quite small. 
A reactive gas is a gas which has a sticking probability significantly larger than 
zero when bouncing into a surface. This leads (o deposition on indoor surfaces, 
filtration by (he building envelop and attachment to ambient aerosols. An example 
of a 'gas' with 100 % sticking probability is radon progeny which within few 
minutes after creation will deposit on indoor surfaces or attach to ambient 
aerosols. An other example of a reactive gas is elemental Iodine, which reacts 
with surfaces and ambient aerosol, but here it is more of chemical 
equilibrium/reaction that takes places and deposition velocities depend strongly on 
surface composition. In general sheltering in a house is expected to reduce 
inhalation dose of reactive gases. 
All non-gaseous pollutants will either form panicles or he attached to ambient 
aerosols and will be subject to atmospheric transport as such. Atmospheric 
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Figure 1.1. Schematic diagram of the size distribution and formation mechanisms 
of atmospheric aerosol. Whitby(1978). Y-axis is mass increment expressed per 
increment in log particle diameter and the area under the curve is thus 
proportional to mass. The accumulation mode and the coarse mode often contains 
equal amounts of mass whereas the nuclei mode only contains negligible mass but 
has the highest number concentration. 
particles cover a wide size range: 10 nm to approximately SO urn. During 
transport in a cloud, many processes will change the size distribution of the 
aerosols: smaller particles will grow larger and the larger particles will be lost by 
sedimentation. Figure 1.1 gives an idealized picture of the many mechanisms that 
governs atmospheric particles. The figure show the classification into ihree 
categories, as proposed by Willeke and Whitby(1975). This is generally accepted 
as a good description of atmospheric aerosols. The three categories are described 
below: 
1. Nuclei mode/transient mode: these small particles are the result of vapour 
condensation and gas to particle conversion processes. They are the primary 
particles produced during a fire or a combustion. Combustion products and 
volatile compounds from the burning material condensate in the smoke when 
temperature drops. High particle concentration in the smoke will cause very 
rapid coagulation as coagulation for a given particle size is proportional to the 
number concentration squared. Dropping number concentrations and increasing 
particle size decreases coagulation, but even in normal continental air with 
particle concentrations from lOMO"1 m'3 half life for particles in this mode 
will be a few hours at most before they coagulate or are attached to larger 
particles. Size range: 3 nm to 70 nm. 
2. Accumulation mode: When particles have grown into this mode further 
growth is slow. Loss mechanisms, dry deposition and scavenging also have a 
minimum in this size range making it the atmospheric mode which usually 
contains the most mass. The size distribution of these particle can be described 
by a log-normal function with a mass mean between 0.5 and 1.0 um. Particles 
in this mode have a mean residence time of 15 to 22 days in the atmosphere, 
Poet et al.(1972), making it the dominant mode for long range transport. Size 
range: 70 nm to 2 um. 
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3. Coarse mode/Giant mode: Particles in this mode are usually produced by 
mechanical processes or by the blowing winds. Resuspension of soil dust due 
to traffic, agricultural activity or strong winds is a typical source of giant mode 
particles. Dried sea spray produces salt particles and can be the biggest 
contribution to airborne mass in coastal areas. Non flammable fuel fragments 
can be carried away during a fire. Sedimentation is the dominant loss term for 
large particles and the mean residence time in the atmosphere ranges from 
hours to a few days. Size range: 2 um to 50 urn. 
Nuclear Aerosols after the Chernobyl Accident 
During and soon after the Chernobyl accident in 1986 activity distributions were 
measured for a range of radionuclides by size fractionating ambient aerosol and 
determining the radionuclides associated with each fraction. These measurements 
were made with impactors that collects particles according to their aerodynamic 
size. Usually the radionuclide activities were determined by gamma spectrometry. 
The resulting activity distributions are characterised by their activity median 
aerodynamic diameter, AMAD. 
There were clear differences in the distributions depending on the properties of 
the chemical elements and the processes which created the particles. Tschiersch 
and Georgi(1987) measured activity distributions with an 8-stage Berner impactor 
from Hauke GmBH. They found similar distributions for Cs-137, Ru-103 and Te-
132 as can be seen in figure 1.2 The AMAD ranged from 0.5 pm to 0.85 pm 
with a tendency to increasing AMAD with increasing distance from the point of 
release. They explained this by a slow growth due to coagulation during transport. 
Particulate 1-131 showed a different distribution: the size range was broader and 
had a lower AMAD ranging from 0.4 um to 0.5 um (upper right corner of Figure 
1.2). The distribution followed the surface distribution of the local aerosol, which 
is roughly equivalent to the attachment distribution of an aerosol. It was believed 
that 1-131 was mainly transported as a gas in equilibrium with the local ambient 
aerosol. Reineking et al.(!987) and Jost et al.(1986) found the same pattern of 
size distribution. In addition they measured the total Iodine activity with charcoal 
filters and estimated that between 15 and 23 % of the activity was attached to 
particles. This agree what would be expected from the photochemical processes 
described by Jenkin et al.(!985), with the important exception that Jenkin et al. do 
not take dissociation from the particles into account which must happen if the 
similar ratios between gaseous and particulate iodine in different areas are to be 
explained. Reineking also noted that the activity distributions (except for iodine) 
resembled that of long-lived radionuclides in the atmosphere, e.g. Be-7 and Pb-
210. 
Another group of aerosols measured after Chernobyl were the so called 'hot'-
particles. Osuch et al.(l989) divided these particles into two groups. Group A 
consisted of particles believed to have been created by condensation of especially 
ruthenium vapours very soon after evaporation from the reactor core. Group B 
consisted of fuel fragments. Both groups consisted of relatively large particles (0.5 
to 150 pm, Sandalls et al.(!993)) and therefore most of these particles was 
deposited in the vicinity of the power plant, but hot particles from the Chernobyl 
accident have been found as far away as Germany, Reineking et al.(!987). 
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Figure 1.2. Size distribution of four isotopes from Chernobyl measured with a 
Berner impactor on the 6th of May in Neuherherg near Munich From Tschiersch 
andC?orf>i (1987). 
Rulik et al.( 1989) measured the Chernobyl aerosols using a Sierra high volume 
impactor. The higher flow rate made it possible to detect more isotopes but with 
poorer resolution/accuracy. The measurements confirmed that the AMAD of Cs-
137, Ru-I03 and Te-132 were somewhat below 1.0 urn. They alsc showed a 
second group, termed refractory elements, which had an AMAD of 1 to 4 urn. 
This group was associated with fuel fragments, such as Ce-144, Ce-141, La-140, 
Ba-140, Zr-95 and Nb-95. 
In the impactor measurements by Reineking et al.{ 1987) decay of refractory 
elements were only detected in the two 'hot' particles found. This indicates that 
the measurements of refractory elements by Rulik et al.( 1989) and Roed and 
Cannell(1987) probably was associated with 'hot' particles. Similar the 
contamination close to Chernobyl power plant of fuel fragments must be believed 
to have occurred through quite large particles (20 to 40 urn) as the activity is 
concentrated relatively close around the power plant. 
In general, most particulate pollutants will be found in the second mode of 
particles, the accumulation mode, but close to the site of an accident both smaller 
and larger particles will have an important role, so the entire size range from 25 
nm to 50 urn is of importance. 
1.2 A Simple Box Model Relating Indoor and 
Outdoor Concentrations 
To establish a platform for discussion, it is useful to establish an equation 
describing the problem and to identify the parameters of interest. This requires a 
definition of the mechanisms determining indoor concentration of pollutants of 
outdoor origin and their interaction. First it will be useful to define a term that 
describe our objective, namely a measure of the reduction in inhalation dose 
achievable by sheltering indoors.. Since inhalation dose is directly proportional to 
air concentration (for a given particle size) the dose reduction factor, DRF, can be 
defined theoretically as the ratio between the indoor pollutant concentration, C,, 
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and the outdoor pollutant cone- iration, C,„ integrated from the start of the cloud 
passage, /„. to infinity: 
DRF^Zl (1) 
In order to derive an expression for the DRF we need to consider the many 
processes that take place in the indoor environment which determine or influence 
the ratio of indoor/outdoor concentration: the various processes are indicated 
diagrammatically in Figure 1.3. A simple differential equation can be derived by 
equating the change in indoor concentration per unit time with the difference 
between the production and loss of particles. 
Equation (2) describes the processes represented in Figure 1.3. This equation is 
based on the premise that the indoor environment can be described as a single 
compartment with good internal mixing. Often the inhabitants will occupy only 
one room in the house and there will be cross ventilation from other rooms in the 
building. A set of differential equations can be set up describing a multi chamber 
system, as in Roed(l985) or Nazaroff & Cass(1989), but for simple description 
aiming at identifying the important parameters a cne box model will do. This 
equation is: 
dC 
>JXC -XC -XC -X C +XJ) -XC (2) 
where the change in indoor air concentration, C,, per unit time is given by the 
difference between ingression,yX,C„, and losses due to exfiltration, X,C,, cleaning, 
XtC,, radioactive decay, XnC, resuspension from indoor surfaces, X„D, and indoor 
deposition, X;Cr 
Infiltration, XrC0 
/ 
Resuspension, X„C: 
* x: \ • 
Deposition, AdC 
\ \ ^ 
fVg>qcaCT»KC ' 
Exfiltration, ArC; 
) 
Figure 1.3. Diagram of processes involved in indoorl'outdoor ratios. 
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The air that infiltrates from the outside which is filtered by the building 
envelope, /. Both the air exchange rate, X,, and the filter factor of the building 
envelope, / , depends on the construction of the house and must be expected to 
vary widely with the regional climate (Buildings in in warmer climates often have 
a higher air-exchange). The air-exchange rate will also depend on outdoor wind 
speeds and the temperature difference over the building envelop. The filter factor 
is expected according to the nature of the pollutant (i.e., size of particle and 
reactivity of gases). The air escaping from the building is also filtered over the 
building envelop but this has no effect on the equations as the outdoor volume 
can be considered as infinite compared to indoors. 
The losses due to deposition inside a building are given by a room or building 
specific deposition constant, Xu, multiplied by the indoor air concentration, C,. 
This constant can be calculated from specific deposition velocities to each surface, 
v,,.,. multiplied by the area of that surface, S,, and divided by the total volume, V, 
of the inclosure: 
Xr^-' '" ' (3) 
" V 
where the deposition velocity is defined as the pollutant flux to a surface divided 
by the concentration of the pollutants over the surface and the sum is for // 
surfaces. 
For a radioactive plume containing short-lived radionuclides the concentration 
indoors will decline due to radioactive decay, X„. For isotopes with half lives 
longer than one day this is of little importance since ventilation will be the 
governing loss-term, but for short-lived isotopes the decay can be included as an 
extra loss term similar to deposition or cleaning The half-live of most 
radionuclides are well known and if the DRF for a specific radionuclide is sought 
it will oe easy to incorporate this into the equations. For the general case this term 
will be omitted. 
Another factor to take into account is resuspension from indoor surfaces, that is 
re-entrainment into the air of previously deposited particles. This can be expressed 
as a resuspension factor, A.„, that can be specific for each surface and is dependent 
on the prehistory of the deposits. The amount of resuspended matter per unit time 
is proportional to the mass loading of the indoor surfaces, D, Very little is known 
about indoor resuspension. For short term emergency planning resuspension can 
be neglected, but it might be an important pathway for long-term dose. 
Resuspension (om indoor surfaces has not been included in this study. 
The use of domestic vacuum cleaners for removing radioactivity from indoor air 
in emergencies has been discussed as a possible counter measure by Roed et 
al.(l99l). The air cleaning constant is obtained from the flow-rate, F, multiplied 
by the filter efficiency, e, of the equipment and divided by the volume of the 
room, V: 
, eF 
K-y (4) 
Looking at the basic processes of infiltration, exfiltration and deposition 
equation (2) can be reduced to the following first order inhomogeneous linear 
differential equation: 
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dC(l) 
dt 
The equilibrium ratio between the indoor and outdoor air concentrations can be 
found by setting the change in indoor air concentration per unit time to zero. The 
I/O ratio in the equilibrium state is identical with the long term DRF given by 
equation (8). To simulate the passage of a radioactive cloud the outdoor 
concentration can be described as a step function, which is initially zero. It rises 
to a constant level at time tn and falls to zero again at time I,. Using this function 
for Cjt), equation (5) ca. be solved analytically using a formula from 
Jensen(198l). The solution is given in equations (6) & (7). During passage of the 
cloud the indoor air concentration will increase towards the equilibrium ratio with 
an exponentially declining function: 
C,(/)=/ ' C,(I -e •*«"), /,</<(, (6) 
After the cloud has passed the indoor concentration will decline exponentially 
towards zero: 
CfiO'Ae '"•"'", 4=C(/,), />/, (7) 
The rise and fall of the indoor pollutant concentration as given by equation (6) 
and (7) is shown in Figure 1.4. 
The DRF can now be found analytically by integrating the indoor and outdoor 
air concentrations and dividing the results. The result of this calculation is that the 
time integrated DRF equals the equilibrium ratio as shown in Figure 1.4 and by 
equation (8): 
[~C<,t)dt
 x 
D/?F=4 =/ ' (8) 
A. +A., {"CAM 
This is a general result for all shapes of passing clouds, because all shapes can 
be approximated with a sequence of step functions and for all step functions the 
differential equation can be solved analytically with the same result for the DRF. 
This, of course, is based on the assumption that \ and \ , are constants. The air 
exchange rate, Xr, may change if the weather conditions change, but in all 
circumstances the value used in modelling will be an average value, which again 
will give us an average value for the dose reduction factor. When we want to 
examine the effect of varying the air-exchange rate we need to calculate the DRF 
by integration of the indoor and outdoor concentration levels. The deposition 
constant, X,,, will vary with the particle size, but for each size class and type of 
pollutant the expression will be valid. This result has been presented by many 
authors, e.g. Kocher( 1980), Roed et al.(I99I), but many authors, e.g. 
Engeimann(1992) and Siren(1992), have given a more optemistic expression for 
the DRF by including ventilation of the house right after the passage of an 
rectangular cloud and thus reducing the contribution to dose from the 'tail' after 
passage, as given by equation (7). 
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Figure 1.4. Rectangular shaped cloud passage with rise and fall of indoor air 
concentration as function of the at! exchange rate. Curves are shown for X, = 
JXt/, solid lines, and Xr = Q.5\,.dashed lines. In both cases f equals I 0 and the 
outdoor air concentration is 100 The rectangular curie slums the equilibrium 
between outdoor and indoor concentration. The graphs illustrate that the area 
under the equilibrium curve corresponds to the area under the exponential curves 
in both cases, i.e. it corresponds to the total inhalation dose. 
A factor which is not 'afcen into account in this simple box model is (he effect 
of air-conditioning systems. Air conditioning is rare in houses in Northern Europe, 
but in warmer parts of the world it is common and depending on the design of the 
individual system it can both enhance or decrease the DRF. The design of these 
systems varies and no general formulae can be applied for the effect of such 
systems. 
After these considerations on infiltration of airborne pollution into houses three 
important parameters can be identified from equation (8): 
1. Air exchange rates, A.,. 
2. Filter factors of the building envelope,/. 
3. Deposition constants, \,. 
With these three parameters in mind, the literature on relative indoor and outdoor 
concentrations was reviewed. The review is presented in section 1.3. 
1.3 Indoor/Outdoor Concentration of Airborne 
Pollutants: A Review. 
One method of estimating the benefit of staying indoors during a release of 
radioactivity to the atmosphere is to monitor the indoor/outdoor ratio of everyday 
pollutants. The observed pollutants must be of outdoor origin such as beryllium-7 
or sulphur-dioxide, S02. Several such studies hav? been reported. 
Dingle et al.(1958) described a study where the concentration of ragweed 
C
 indoor*'-3) 
*- equilibrium*1'" 
C outdoor'' 
CindoorC.0 5) 
Cequilibrium*«-05) 
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pollen. IM-20 um geometric diameter panieies. was monitored indoors and 
outdoors together with the air-exchange rate. The effect of factors such as opening 
of windows and outdoor wind speed were examined. The I/O ratio ranged from 
0.15 to 0.5 and correlations with the air-exchange rate and with the outdoor wind 
speed were observed. The penetration of pollen increased with increased outdoor 
wind speeds as did the air-exchange rate. 
A series of papers has been published on the indoor/outdoor ratio of SO,. 
Bicrsteker et al.(l965) carried out an investigation in Rotterdam in the early 
1960s. The I/O ratio of SO, and the mass concentration were measured in 60 
different homes. Air-exchange was not measured. Data were correlated with 
smoking habits of inhabitants, type of heating and the year of construction of the 
house and an increased SO, level were found in older homes, in homes of 
smokers and in homes were the heating system emitted SO,. An I/O ratio of 0.20 
was found for SO, in homes of newer construction with no internal sources. 
Andersen(l972) reviewed measurements of I/O ratios of SO,. The results of 
Bicrstcker ct al. and 13 others were compared together with his own 
measurements. The I/O ratios ranged from 0.2 to 1.0. Important factors such as 
particle size and air-exchange rates were not considered in the review. 
Dockery and Spengler(l98l) studied I/O ratios of SO, and respirable particulate 
matter in 6S homes in six American cities. Indoor concentrations were described 
in terms of outdoor concentrations, air-exchange rates and indoor sources using 
the following formula. 
CrfC.^P
 (9) 
r 
This formula was derived from an equation similar to equation (2), with the 
assumption that the deposition constant was much smaller than the air-exchange 
rate. The deposition constant was claimed to be less than 0.5 h ' for particles 
larger than 1 um and less than 0.05 h ' for particles smaller than 1 um, which was 
smaller than the average air-exchange rate of the houses, 1.5 h '. 
A. 
_ L _ - H / r ; r A. > \ , (10) 
This reduction implies that filtration of the building envelop is the mechanism 
that causes lower concentration indoors. A term, P, expressed in amount of 
pollutant produced per volume per time was added to describe the effect of indoor 
sources. The model had correlation of 0.68 when fitted with the measured particle 
I/O ratios and 0.79 when fitted with the S02 I/O ratios. For particles a large 
contribution from indoor sources were found from the regression. 
I/O ratios have been measured for many chemicals other than S02. 
Halpern(1978) examined of I/O ratios for lead. Colome and Spengler(1979) made 
I/O measurements of elements detectable by neutron activation. Yocom et 
al.(!971) and later Yocom(J982) made a review of indoor-outdoor air quality 
relationships. The reviews do not contain any values of air exchange rates or any 
formulas for prediction/explanation of I/O ratios. These references are examples of 
the many I/O measurements that do not try to interpretate the measured data and 
to understanding of the processes that determines the I/O ratio of atmospheric 
pollutants. 
Alzona et al.(l979) investigated I/O ratios for airborne metals using X-ray 
florescence. The mean I/O value range from 0.1 to 0.42 depending on the 
element. Filtration by the building envelop, indoor deposition and resuspension 
were the parameters considered in the modelling of the results. Filtration by the 
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building envelop was considered to be of minor importance since experiments 
performed with windows open, where filtration should be close to zero, still 
yielded a 50% reduction of indoor concentration levels. Experiments where pumps 
were moved out of the test room and fi'ters were changed with a minimum of 
human presence did not show any difference from earlier experiments, and from 
this they concluded that resuspension due to human and mechanical activity 
probably was of minor importance for the I/O ratio They suggested the following 
equation to model the I/O ratio: 
C A. 
_ > / _ ! as \+\,~\, whe" \,*\ (ID 
since they found that the deposition constants that explained their results was 
much higher than the measured air exchange rates. 
Using Be-7 as a tracer Christensen and Mustonen(1987) measured DRFs in four 
Finnish and one Norwegian house. The DRFs ranged from 0.23 to 0.45 in the 
Finnish houses and from 0.40 to 0.86 in the Norwegian house. No measurements 
were made of the air- exchange rate and the reduction in concentration was 
attributed to the filter factor/. The report did not discuss indoor deposition. 
Measurements from Nuclear Accidents 
A few measurements were made during or immediately after accidental release 
from nuclear power plants. After the Windscale accident in 1957 measurements of 
indoor/outdoor external gamma exposure rates were made in buildings nearby, 
Megaw(1961). These measurements were used to verify experiments where the 
indoor deposition velocity and the I/O ratio for a cloud of sub-micron particles 
were measured. v<; was found to be app. 1.5x10' ms' and the I/O ratio ranged 
from 0.34 to 0.78 for the particle cloud. 
Roed and Cannell(1987) presented an experiment aimed at measuring the filter 
factor of the building envelop,/, and the average indoor deposition velocity, v(/, 
using Be-7 as a tracer As the first cloud of radioactive material from the 
Chernobyl accident passed over Denmark this experiment was running and I/O 
ratios were measured for a series of radionuclides. DRFs were found to be in the 
range of 0.27 to 0.49 for particulate Iodine and Cesium with an air exchange rate 
of 0.4 h ' . 
Work Focused on Nuclear Accidents 
Kocher(1980) modelled the inhalation dose indoors using a formula similar to 
equation (8). He assumed no filtration, i.e. /=1, and calculated the DRF for air-
exchange rates of 0.2, 1.0 and 5.0 h ' and average indoor deposition velocities of 
102 and 104ms'. In the absence of any information on actual values for indoor 
deposition, a maximum and a minimum value were chosen, based on knowledge 
of outdoor deposition velocities. 
Koch and Tadmor(l988) calculated the actual effect of sheltering after a given 
release. They assumed an inhalation dose reduction of 0.65 for houses. They 
believed that ventilation of the house immediately after the cloud have passed 
could reduce the inhalation dose even further. 
Cohen and Cohen(1979) measured I/O ratios at 20 sites in Pittsburg using X-ray 
fluorescence of Ca, Fe, Zn, Pb and Br. From measurements in the literature of the 
typical size distributions of each element they divided the result into a submicron 
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and supra micron se!. For the submicron particles their best estimate was a DRF 
of 0.5 and for larger partic'es they found a DRF of 0.25. 
Brown( 1989) reviewed a series of measurements and model work on DRFs and 
concluded that a DRF value of 0.3 to 0.5 was appropriate, recommending 0.5 as a 
conservative value for accident consequence models such as COSYMA and 
RHODOS. She mentioned ventilation after passage of the cloud as a possible 
improvement but did not include that in the estimate of the DRF. 
Engelmann(!99l) modelled the effectiveness of sheltering and calculated DRFs 
for 2 urn particles as an example. He ignored the tail after cloud passage (as 
given by equation 7) since he thought that it could be removed by increased 
ventilation of the house after the passage of the cloud. He criticised other authors 
for equating the DRF with the long term I/O ratio and stressed that realistic rather 
than conservative values should be used in accident consequence assessment 
codes since this could be important when considering evacuation versus 
sheltering. He used a/value of 1, a A.,, of 0.81 h 'derived from vl( = 1.3x104 ms"', 
as found in Sehmel (1984), and X,= 0.5 corresponding to an older house and 
predicted a DRF of 0.35 for a cloud passage of long duration. Engelmann(I992) 
later presented measurements of the DRF for cars. In this paper he includes 
equation 7, but ignores it again in his calculation of the DRF since he assumed 
rapid ventilation immediately after the cloud had passed. 
Studies of Air Exchange Rates 
Air-exchange rate has been studied for many reasons. It is an important factor 
influencing the quality of indoor air, in heat conservation calculations and when 
looking at ingress of outdoor pollutants. The Technological Institute of Denmark, 
Collet(1976) have researched this area for many years. The air-exchange rate has 
been found to be a function of pressure difference over the building envelop by 
applying positive and negative pressure to houses. The pressure difference is 
roughly proportional to the temperature difference and to the square of the wind 
speed. The air-exchange rate is proportional to the pressure difference. For a given 
house equation (12) has been found to describe the air exchange by Coblentz and 
Achenbach(l963). Others, Kvisgaard et al.(1988), have used a similar expression 
with the wind speed squared, it,, k2, and it, are empirical constants, A7" is the 
temperature difference over the building envelop and U is the outdoor wind 
speed: 
\'kl*k^T*liiU (12) 
Average air-exchange rates in older Danish houses are typically between 0.4 
and 1.0 h', Kvisgaard et al.(1988). For newly-constructed Danish houses an 
average value of 0.2 h'1 has been found. In these houses the air exchange rate is 
increased by mechanical ventilation through heat exchangers to 0.4 h ' in order to 
improve the indoor air quality. Such mechanical ventilation should be turned off 
in during the passage of a cloud in order to minimize the air-exchange. 
Similar studies have been made at the Helsinki Technical University. 
Siren(1992) calculated the ingress of gaseous pollutants into houses using the 
building characteristics and the weather conditions. He calculated only the DRF 
for penetration during the passage of the cloud and ignored the contribution from 
the 'tail' after passage (as given by equation (7)). He proposed to further improve 
the DRF by turning off the heating in the winter thus reducing the temperature 
difference driven air-exchange rate but this would only be of importance for a 
cloud passage of longer duration. 
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Summarv 
All the reports and papers of the literature review agreed on the basic processes as 
shown in Figure 1.3 and represented in equation (2). They then reduced this 
equation to an expression that best described their problem using appropriate 
approximations Some authors, Engelmann(l992), Siren(1992). ignored the 
fraction of inhalation dose received after passage of the cloud (as described by 
equation (7)) others mention it and then but omit it with reference to ventilation 
immediately after the passage of the cloud (e.g. Engelmann(1991)) and some 
include it (e.g. Kocher(1980) and Roed(l99l)). 
Some papers (e.g. Christensen and Mustonen(l987). Rocd(l985)) focused o n / 
as the important factor and remove deposition from the equations due to an 
assumption that it is of minor importance, but most authors (e.g. 
Engelmann(l99l), Ræd and Cannell(1987), Kocher(!980) and Alzona(l979)) 
equate/to I in accordance with experimental experience. 
Most articles acknowledge the importance of the air exchange rate. Some have 
made their own measurements and others quote reviews on air exchange rates. 
Values range from 0.07 to 5.0 h ' for all the articles. Typical values in Danish 
houses range from 0.25 to 1.0 h' . Technological institutes in various countries 
have described the air-exchange rate of houses as a function of construction and 
weather conditions and for Danish houses accurate descriptions are available. 
With / se t to I and precise knowledge of the air-exchange rate, the deposition 
constant and the average indoor deposition velocities can be calculated as shown 
by Roed( 1987). None of the other reviewed articles derived such values for indoor 
deposition from the measured I/O ratios Some of the articles used values of A.,, 
for predictions of the DRF (Kocher(l980) and Engclmann(I991)) but they stated 
generally that knowledge is very limited in this area. 
The conclusions of this review are that the DRF or I/O ratios generally lie 
between 0.2 and 0.5 with larger reductions for coarse particles. It is clear that the 
Rasmussen report(!975) was being too pessimistic on this point. All authors of 
the recent articles agreed that indoor deposition and not filtration by the building 
envelop is the mechanism that is responsible for lower indoor concentrations, but 
only one paper derived the average indoor deposition velocities that would explain 
the observed DRF They also agreed that little knowledge and practically no 
measurements exist on indoor deposition. 
1.4 Objectives 
In order to predict the DRF for specific of pollutants as a function of their size 
and chemical properties more information is needed on indoor deposition of gases 
and particles of different sizes. It is the goal of this thesis to provide such 
knowledge with focus on particles in the size range 0.35 to 5.5 um. 
Two measurement techniques are available and have been used to investigate 
the problem from different views. Atmospheric beryllium-7, which is of purely 
outdoor origin, has been used at Risø for many years to investigate long term I/O 
ratios. Three investigations have been made with this tracer and will be described 
in Chapter 3. During this project an effort to determine the activity size 
distribution of this tracer and to investigate the connection between the tracer and 
the ambient atmospheric aerosol distribution have been done to increase the 
knowledge of the tracer The experiment by Roed & Cannell(l987) have been 
repeated to verify the findings regarding the filtering effect, /, of building 
envelops and estimate indoor deposition constants, Xd. Using two low-pressure 
impactors and the experimental design developed by Roed and Cannell(1987) 
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particle si/e specific I/O ratios have been measured in a house with four differcm 
air-exchange configurations. In general, the Be-7 tracer have been used measure 
overall I/O raiios and an effort have been made to dissolve the results into a filter 
factor and a deposition velocity. 
To verify the deposition velocities estimate from the Be-7 measurements a 
technique using artificial aerosols with neutron activatable rare-earth incorporated 
as tracer have been used to measure indoor deposition velocities in Danish houses. 
This technique were presented by Roed et al.( 1991). During this project an effort 
have been made to develop this technique to include sub-micron particles so that 
deposition velocities could be measured for particle sizes similar to those of Be-7. 
Experiments have been planned and performed in three houses and results are 
presented in Chapter 4. 
As a spin-off from the technique using aerosols with neutron activatable tracers, 
deposition velocities have been measured to individual indoor surfaces. Here 
especially the deposition to human skin was found to be of interest and attention 
have been given to this topic and results are presented in Chapter 5. 
2 Modelling of Indoor Deposition 
This chapter describes the present theories for indoor deposition The indoor 
environment ha:, a complex and not very well defined air flow. The models 
describing the deposition indoors stipulate a rectangular box and either a 
convective flow or a homogeneously turbulent flow. WW. Nazaroff and G.R. 
Cass's review paper 'Mass-transport Aspects of Pollutant removal at Indoor 
Surfaces' gives an introduction to the present slate of modelling and have been an 
important source on the topic. In this paper methods for calculating indoor 
deposition for different flow regimes are presented. The formulas given by 
Nazaroff and Cass have been programmed in turbo pascal in order to facilitate 
calculation of deposition velocities and to produce graphs for comparison with 
experimental results. 
G.A. Sehmel(l973) presented one of the few papers where deposition velocities 
to individual surfaces, floor, wall and ceiling, were measured (in a wind tunnel) 
and his paper has been an important source as the presented results are the only 
reference found that gives deposition velocities to individual surfaces, ar.d thus 
can he used for comparison with the measurements of deposition velocities to 
individual surfaces presented in chapter 5. 
2.1 Basic Principles for Calculation of Rate 
Constants of Indoor Deposition 
Aerosols have a great variety of shapes and sizes depending on how they were 
formed and on their subsequent history. To measure these particles in a uniform 
and comparable way a special quantity has been introduced known as the 
aerodynamic diameter. The aerodynamic diameter of a particle is the diameter of 
a unit density spherical particle, which has the same settling velocity as the 
physical particle. The impactor and APS particle sizer instruments used to size the 
tracer particles used during this research project give information on their 
aerodynamic diameter. The Las-x particle sizer that have been used to size the 
sub-micron particles used gives information on the geometric size of the particles 
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and some difference in «hc sue obtained wish this instrument mu\t expected 
depending on the density and shape of the particles. When calculating ihe 
theoretical behaviour of these particles using the formulas presented in this 
chapter their measured aerodynamic diameter should be used together with an unit 
density assumption no matter what their actual density is or knowledge of ihe 
density of the particles should be used to calculate the actual diameter of the 
panicle 
The depositum constant for an aerosol in a room can be calculated by dividing 
the sum of the product of the deposition velocity and the area of each surface of 
the room by the volume of the room Equation (3) shows the formula for this 
calculation The deposition velocity. »> to each surface in a room can be 
approximated as the sum of the deposition velocities of the different processes. 
Nazaroff and Casst 1989) 
where v, is the drift velocity caused by thermophoresis and can be both an 
enhancing or reducing effect. r„ is Ihe drift caused by Brownian motions of the 
particles and it will always be directed towards the region where the concentration 
is lowest. 11 is the motion due to gravity and the effect depends on the orientation 
of the surface and s, is an orientation parameter for each .surface which determines 
whether ihe contribution from gravity should be added, s = I, neglected, st = 0 
or subtracted. s( = -I. The subtraction of gravity from the deposition to a ceiling 
is probably a fair assumption when balance between different 'slow' forces is 
considered (such as brownian diffusion and gravely), but for larger particles where 
inertial processes and interception is of importance gravity might be of little 
significance to deposition on a ceiling and u subtraction will not be justified. 
Diffusion 
When gases or particles are distributed in air, the random movements due to 
Brownian motion, or impaction of the air molecules on the particle surfaces, will 
always result in a net transport towards areas of lower concentration. The drift 
velocity is proportional to the gradient of Ihe pollutant concentration, VC: 
v n 
D 
~C~ 
VC (14) 
where C„ is the pollutant concentration in the centre of the room, and D is the 
constant of proportionality known as the diffusion coefficient. D has been 
measured for many gases and has been found to be in the range 0.7 to 7 6 x 10* 
n r V , Nazaroff and Cass(l989). For particles, a general expression has been 
derived for O. see for example Reist(l984): 
kTC 
3itu</, 
where k = ) 3 8 x 1 0 " JK ' is Boltzmann's constant. Tis J.ie temperature of the air, 
H is the dynamic viscosity of air (1.81x10' kgm's1 at 293 K) and </,, is the 
panicle diameter. C, is a slip coefficient that varies according to the panicle 
Knudsen number, Kn = 2\Jdp, where X = 0.065 um at 298 K is the free mean path 
of air molecules An empirical expression for the slip coefficient is given by 
Davies(l945), based on experimental work where the motion of oil droplets in air 
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ami class heads in riuiiis was studied. 
C - I - A ' H | I . 2 5 7 ( > . 4 0 < V " ^ j (16) 
In general. diffuMon IN nut important for the mixing of air in a room. Rcistf I9X4> 
gave on example whcr-r he calculated the average time it would take for a 0.25 
um particle to move from the centre to the wall of a spherical flask. 5 cm in 
diameter, assuming diffusion to be the only mixing process. The result of 35.5 
days shows that diffusion is only important for particles so small that the diffusion 
coefficient. .". approaches (hat of molecules or when considering snuJI volumes very 
close to a surface. Particles in (he air in a room will be moved around by con\ecti\e 
air flows, which arc created by (he temperature differences between walls and the air. 
the air exchange and by mechanical motions, e.g. fans, humans. Within a given room, 
the mixing is normally sufficient for (he particle concentration to be essentially 
uniform (sec for example Figure 4.8) except tery close to the surfaces where diffusion 
is one of (he mechanisms that transports particles through a boundary layer close to 
(he surface where (he concentration can be assumed to be zero for particles with a 100 
1 'slicking probability" ( that is all particles that (ouch a surface adhere to that 
surfaces). The deposition velocity due (o diffusion can then be found as the diffusion 
coefficient divided by the thickness of the boundary iaycr. 
ThtrmophorHk Deposition Velocity 
Thermophorcsis is the term used to describe a process where airborne particles tend (o 
move from warmer areas toward colder areas. For small particles (compared with the 
free mean path of air molecules) (he behaviour is explained by (he difference in 
kinetic energy of air molecules impacting from the hoi and cold side, but for larger 
panicles, the thcrmophoretic effect also depends on the thermal conductivity of the air 
and the particles. The 'esulting drift/deposition velocity is proportional to (he balance 
between (he viscous drag and the thermophore tic force. The thermophore! ic force is 
proportional to the temperature gradient. VT, divided by (he temperature. T_. in (he 
ccn(rc of (he room: 
-K—VT (17) 
where v is the kinematic viscosity of air (1.5x10' nvs' at 293 Kelvin) and (he 
proportionality factor K is determined from (he interpolation formula of Talbot el 
al.(l980): 
l. n a 
(-L*C/Cn)[ I *Kn( 1.2*0.411 " f r ) | 
K*2C,A _ (18) 
(l*3CjrirXl*2-i*2CJKii) 
kg and kp are (he thermal conductivities of the air and the particles The coefficients 
have ihe following values: Cm = 1.146, C, = 1.147 and C, = 2.20. For particles in air 
with dr of less than 3 um and kjkf in the range of 0.01-05. K varies between 0.1 and 
0.6. Nazaroff and Cass( 1989). 
Risø-R-7R0(EN) 25 
(•ravitational Settling Velocity 
The gravitational settling velocity for particles is usually derived by equalling the fluid 
drag. F, with the gravitational force, nix, and isolating the equilibrium velocity. The 
resistance of a fluid is given by Stokes equation. When the particle size becomes 
comparable to the free mean path of the air molecules the resistance force is reduced 
by Cunningham's slip correction factor and a modified version of Stokes equation is 
derived: 
A*3n|iy//C, (19) 
where r(l is the velocity of the panicle and Cr is the slip correction factor. When this 
expression is equalled to the force of gravity, mj , the following expression for the 
equilibrium or settling velocity, rv, is derived: 
d2pC 
v =xQ, t=JL2L_L (20) 
where pt, is the particle density, ,t? is the acceleration of gravity, c, is the velocity a 
particle will have relative to air under steady state conditions and T is the relaxation 
time of the particle, x is a parameter often used to characterize the behaviour of a 
particle due to inertia or gravity. 
Particle Impaction 
As the density of particles is usually much greater than that of air, particles will have 
a tendency to continue along their original path due to the inertia when the air flow 
suddenly changes direction. This might cause the particles to impact on the object that 
forced the air flow to change direction, in which case the phenomenon is called 
inertia! impaction. The probability of impaction is described by the Stokes number, 
Stk: 
where U is the flow velocity, V i is the distance the particle will move in the original 
direction of the flow when the air flow turns through 90 degrees. W depends on the 
geometry of the original flow in relation to the impaction surface. For a Berner 
impactor, IV is the radius of the nozzle. Another effect of particle inertia is inertial 
mixing in a turbulent boundary layer. 
Boundary Layer Theory 
When air flows over a surface, a laminar (i.e. free of turbulence/ni air motion 
orthogonal to the main flow) boundary layer will increase in thickness in the direction 
of the flow. Davies(l966) derived a formula for the laminar boundary layer thickness, 
5, over a surface with an initial uniform flow, as a function of the distance, x, along 
the surface from the place where it starts: 
S-ir/j/rte" Re,*UltxJv (22) 
where Re, is called the Reynolds number of the flow and is defined by analogy with 
the Reynolds number for particles flowing through air, or air flowing through tubes. 
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U„ is the velocity of the main air stream and v is the kinematic viscosity of air. The 
Reynolds number gives information on the type of flow, and for Reynoids numbers 
larger than about 10* a transition to a turbulent boundary layer occurs. When 
turbulence is introduced in the boundary layer it will enhance mixing and thus 
deposition as described in the section below en deposition from turbulent air. 
The pollutant concentration and air velocity gradient within a laminar boundary 
layer is assumed to be constant. With this assumption the air velocity profile, Uly), 
within the boundary layer can be represented by: 
l/(y)=iLln<_) (23) 
where U is the wind speed, y is the distance from the surface, y„ is the roughness 
length, U' is the friction velocity of the surface material, and A„ is von Karman's 
constant, which is commonly cited in the literature as 0.4 This profile has been 
verified experimentally in a series of wind tunnel expeiments (e.g. 
Chamberlain(l99l)). 
At the solid surface, where the air motion is negligible and the concentration is 
zero, when 100 % attachment of the gas or aerosol is assumed. The deposition 
velocity due to diffusion through a laminar boundary layer will be given by D/b, 
where 8 is the thickness of the boundary layer: the concentration gradient can be 
assumed to be constant in the boundary layer. 
2.2 Deposition from Convective Flows 
Nazaroff and Cass( 1987) and later Gadgil et al.(1992) presented a numerical solution 
of the flow regime in a two-dimensional rectangular enclosure generated by 
differences in surface temperature. By including diffusion in these equations deposition 
velocities were predicted for unattached and attached radon progeny. Nazaroff(1989) 
incorporated the numerical results of these calculations into his computer code 
MIAQ4. With information on either (user defined) the temperature difference between 
the air and the surfaces or the mean air flow velocity over the surface, deposition 
velocities were calculated. The flow generated by the temperature difference between 
the surface and the air, AT, is characterized by its Rayleigh number, Ra, obtained from 
Ede(1967): 
•..J*™: (24, 
ocv 
where H is the height or length of the surface, a is the thermal diffusivity of air, and 
P is the coefficient of thermal expansion (IIT for an ideal gas). For Rayleigh numbers 
larger than 10'' transition to turbulence begins. In general this will happen over 
radiators and at the end of flows along walls with a significant temperature differences 
to the air. The results of the numerical calculations are presented in the form of a 
dimensionless flux, [(a'(0)/Lw'% and can be converted to a deposition /elocity to a 
vertical surface by using the following formula, Nazaroff and Cass(1989): 
vd*laamD V,H "*W(Q)ILw "»] (25) 
where H is the height of the wall, Lw = a/D is the Lewis number and a is given by: 
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Equation (25) has been used to calculate deposition velocities for a range of 
diffusiviiies (particle sizes) and surface-to-air temperature differences. In Figure 2.1. 
the deposition velocity is presented as a function of particle size for three temperature 
differences. All the curves approximate to the curve for purely gravitational Josses 
when particle size rises above 2 3 urn, that the average vu that is found when from 
the deposition constant calculated from the gravitational settling to the floor. 
The equations presented by Nazaroff and Cass(1989) did not include particle inertia 
as it was assumed that the low velocities of air in the indoor environment would mean 
that this effect of minor importance. Several authors, Sehmel(I973), Byrne(l994) and 
Schneider et al.(l994), have presented an increase in deposition velocity to vertical 
surfaces when particle size becomes greater than I urn. This is in line with the 
theoretical considerations presented by Reist(l984) and illustrated in Figure 2.2. First 
a decreasing deposition velocity can be seen as the diffusion coefficient decreases with 
increasing particle size. At some point between one or two micrometer the 
impaction/inertial mixing will act to increase the deposition velocity to vertical 
surfaces. Larger particles (above 20 pm) will not follow the small eddies in turbulent 
air and mixing will decrease, and at some particle size deposition to a vertical surface 
will start to decline again. As impaction is proportional to the air speed angular to the 
surfaces it is possible that the local maximum in Figure 2.2 is negligible in the 
relatively still indoor air, but the experimental results presented in this study and by 
others are not in line with such an assumption. 
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Figure 2.1 Average deposition velocities as function of temperature differences 
between air and surface. The deposition velocity have been calculated for each surface 
in the room using the formulas from Nazaroff and Cass(1989) and the average 
deposition velocity have been calculated after equation (3) for three different values of 
the temperature difference. 
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Figure 2.2. Schematic diagram of deposition velocity to a vertical surface as a 
function particle diameter. First the deposition velocity, vd, declines as diffusion 
decreases with particle size, At some point (app. I fun) the inertia of the particles 
becomes important and the deposition to a vertical surface starts to increase. At some 
particle size (app. 20 fim) the deposition starts to decrease again as the larger 
particles becomes immobile and stop to follow the small eddies. From Reist(l984). 
2.3 Deposition from a Homogeneously Mixed Core 
Corner and Pendlebury(1951) calculated deposition velocities to the floor, walls and 
ceiling of a room with a homogeneously turbulent mixed core and with an assumption 
of a boundary layer near the surface with a constant gradient of t'.ie mean air velocity 
duldy parallel to the wall within the boundary layer. The calculation were compared 
with measurements by Langsroth and Gillespie(l947) performed in a test chamber 
with still and moving air and the model showed qualitative agreement both regarding 
the magnitude of deposition and the effect of stirring. Mean air velocities in the test 
chamber were up to 0.8 ms'. Particle transport was assumed to occur only by 
Brownian motion, sedimentation and eddy diffusion. The eddy diffusion in the 
boundary layer was assumed to be proportional to the square of the distance from the 
surface, Dr = Krf. They solved a differential equation for the flow in the boundary 
layer for each surface orientation, similarly to Fick's second law, Reist(l984): 
where K, is the turbulence intensity parameter measured in s ' given by kn2duldy where 
kn = 0.4 is von Karman's constant. Nazaroff and Cass(1989) summarized their results 
and extended it to include the case of reactive gases. For vertical surfaces, the 
deposition velocity derived by Corner and Pendlebury(l95I), vc/), was represented as 
follows: 
vcrjfii^ (28) 
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and for ceilings: 
and f c floors 
j tic I) (29) 
"„"VU" J
BT (30) 
Crump and Seinfeld( 1983) extended this model to derive expressions for a chamber of 
any given shape. They also solved the equation for the general case, D, = K,y". Holub 
et al.(l988) and Okuyama et al.(l985) have used this result with a value of n of 2.61 
and 2.7 respectively. 
The equations (28) to (30) have the drawback that they do not include the effect of 
particle inertia. Therefore the deposition to the walls and ceiling falls to zero when the 
particle size increases and this can be seen in Figure 2.3. In Figure 2.4 it can been 
seen that for increasing particle size, all curves follow the same path. The common 
path represents the gravitational settling at the floor (given by vf) averaged to all 
surfaces in the room as the contribution from deposition to other surfaces falls to zero. 
A series of references that have used a solution equation (27) to derive an imperical 
formulae for there experimetal results dealing with turbulent deposition is shown in 
Table 2.1 below. For all the references in the table the prediction of the experimental 
result consists of curve-fitting with different parameters. References 2, 3 and 6 all 
used a fitted value of n. The other papers used a fixed n of 2 and found the turbulence 
intensity that gave the b .1 fit for their results. Reference 5 used an empirical formula 
based on the basic aerosol mechanisms. 
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Figure 2.3. Deposition velocities calculated from equation (28) to (30) for k, = / and 
the average deposition velocity, bold line, calculated from the individual deposition 
velocities using equation (3). It can he seen that deposition to the walls and ceiling 
keeps declining when only diffusion and gravitational settling is considered. 
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Figure 2.4. Average deposition velocities as function of particle size plotted for three 
values of kr. It can he seen that independently of the chosen kr value the average 
deposition velocity is almost identical when the particle size exceeds 2 fim. 
Table 2.1. Review of papers which have measured deposition constant in various test 
chambers and wind tunnels. The results have been fitted with different models of 
turbulent deposition based equation (27). 
No 
1. 
2. 
3. 
4. 
5. 
6. 
Reference 
Crump etal.( 1983) 
Holubeta!.(l988) 
Okuyamaetal.(1985) 
Schneider etal.( 1994) 
Sehmel(l973) 
Shimada et al.(l988) 
n in Dr=k, x" 
2, fixed 
2.61, fitted 
2.7, fitted 
2, fixed 
2.7, fit from 3 
kr, turbulence intensity 
0.028 s '& 0.068 s', fitted 
0.0071 s•', fitted 107 s ' 
calculated from fan speeds. 
Calculated from fan speeds 
one dimensionless k, value 
and a set of friction velocities 
was fitted. 
Purely empirical formula used 
to fit data. 
Calculated 
Remarks 
3.9 m3 test tank 
Volume 2.6 litre test 
tank 
Wind tunnel 
Wind tunnel 
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Figure 2.5 a & h. Experimental results fitted with empirical models for deposition to 
walls and ceiling of a wind tunnel From Sehmel(l973) On Figure a (to the left) and 
Figure b the theoretical deposition velotily due to diffusion can be seen in the left 
side. It declines with increasing particle size as the diffusion coefficient decreases with 
particle size. When particle size reach app. 0.1 /un gravity starts to act and the 
deposition to the floor increases and it decreases to the ceiling. The dashed curve 
shows the deposition due to inerlial impaction at both ceiling and floor. 
In Figures 2.5 a & b the experimental results obtained by Sehmel(l973) are plotted 
together with the curves of the derived empirical formulae. These curves show the 
pattern predicted by Reisl(l984) and which can be seen in Figure 2.2. It is interesting 
to note that with only small changes in particle size, relatively large changes are 
predicted in deposition velocity in some critical regions. 
2.4 Measurements in Houses 
Only a few references have been found in the literature concerning measurements of 
indoor deposition. Most of them concerned radon progeny and the deposition constant 
was calculated from the balance between radon, unattached and attached progeny and 
the air exchange rate. In a review paper by Porstenddrfer and Reineking(l992) average 
indoor deposition velocities of 1-2 x ID/4 ms' for attached progeny with an AMAD of 
about 200 nm were quoted from a series of papers. 
Yamasaki and Suzuki( 1992) and Kojima et al.(l993) studied the dependence of the 
equilibrium ratio between attached and unattached radon progeny on the deposition 
velocities of the two species. For the attached fraction a deposition constant of 0.3 h' 
was found and for the unattached fraction a value of 30 h' was obtained. 
Offermann et al.(1985) studied tobacco smoke in a room. Corrections for changes in 
the size distribution due to Brownian coagulation were made by numerical 
computations. The remaining loss rate was attributed to uniform deposition to all 
surfaces. For particle sizes from 0.07 to 0.91 um, deposition velocities from 2.7 x 10* 
to 1.3 x lfr4 ms' were found. 
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2.5 Theoretical Considerations on the Filtering 
Effect of Building Envelops 
In order to estimate the importance of filtration during the penetration of particles into 
a house some simple calculations have been made. The two loss mechanisms 
considered are diffusion and impaction. The geometry considered is a 20 centimeter 
deep long gap in a wall. It is assumed that most of the air-exchange will occur in gaps 
between 0.1 and 10 millimeter in width and that airspeeds during penetration will be 
between 0.1 and 10 ms'. 
Diffusion losses have been calculated as a first order appoximation by dividing the 
diffusion coefficient. D, from equation (15) with the gap width, the surface to volume 
ratio of the gap. and the residence time of the particles in the gap (gap depth divided 
by the air speed). Diffusion losses will be highest for narrow gaps (small distance to 
travel) and slow air speeds (long residence time) as can be seen from the curves in 
figure 2.6. As a 'worst case', considering high diffusion losses a gap width of 0.1 
millimeter and an air speed of 0.1 ms' gives a filtration of less than 10% for particles 
larger than 0.1 um. From these considerations it is a fair assumption that diffusion 
losses will insignificant for particles larger than 0.1 um. 
For impaction losses it is assumed that a 90° turn exists in the gap. The stk number 
can then be calculated from equation (21). The greatest losses will here occur for 
narrow gap and high air speeds. Three sets of calculation are shown in figure 2.7. 
Here the greatest losses are found for a gab width of 0.1 um and an air speed of 10 
ms"'. yielding a sik number of 0.031. So due to impaction we can assume fairly little 
filtration for panicles smaller than 10 um, but here other mechanisms will also be of 
importance. Results presented in Chapter 5 and by Chamberlain et al.(l984) show a 
significant increase in losses to rough surfaces of supra-micron particles, which makes 
the calculations insufficiant for these particles. As a conclusion the filtering effect of 
an building envelop will be small (less than 10%) for particles in the size range 0.1 to 
I um. 
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Figure 2.6 Diffusion losses, fd0l,,ijW,U,dp), as a function of gap width, W, air 
velocity, U, and particle diameter. The particle diameter is given in meters along the 
x-axis. 
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Figure 2.7. Impaction losses, f(W.U,dll), as a function of Rap width, W, air velocity, U. 
and particle diameter dp. The particle diameter is given in meters along the x-axis. 
2.6 Conclusion 
The paper by Nazaroff and Cass(l989) discussed various models for the prediction of 
deposition velocities from both laminar convective flow and turbulent flow. With 
access to the numerical solutions of the flow equations, as given in the source code to 
the computer model MIAQ4 by Nazaroff(l989) or by reading the Figure in the paper, 
it is possible to calculate deposition velocities from measurable environmental 
parameters, such as the room air temperature and the surface temperatures. 
Unfortunately, the models fail when the particle size exceeds one urn. For particle 
diameters greater than I urn the models predict that deposition velocities decrease for 
all surfaces except floors, when particle size increases. Several authors (e.g. 
Sehmel(l973), Chamberlain et al.(l984)) have found that the deposition velocity to 
walls starts to increase, when the particle size rises above app. I urn due to particle 
inertia. A maximum is reached for a particle size around 10 um and then the 
deposition velocity starts to decline. Nazaroff and Cass omitted this from their 
equations as they believed it would be of minor importance due to the small air 
velocities observed indoors. 
The effect of particle inertia has been allowed for in several models on turbulent 
deposition in enclosed vessels by inclusion in the term for the eddy diffusion in 
equation (15), but these models require a knowledge of parameters such as the 
turbulence intensity parameter, k„ which has no direct connection with the simple 
physical parameters in a room. Two references, Okuyama et al.(!985) and Holub et 
al.(l988), gave empirical formulae for the calculation of the turbulence intensity from 
fan blade speeds in small vessels, but this is not applicable to a living room where 
many other mechanisms cause air motion. 
The experimental work done so far concerning indoor deposition has mostly focused 
on radon progeny, which is attached to smaller particles, 0.01 to 0.2 um. This is 
somewhat smaller than the particle sizes that are expected to carry most of the 
airborne radioactivity after a nuclear accident as discussed in chapter 1. 
For the particle size range studied during this project, 0.5 to 5.5 um, it is concluded 
that no model exist that can accurately predict deposition in houses. However, a well-
defined theory exists for the behaviour of aerosols and the pattern of the results 
obtained in this study can be interpreted according to that theory. 
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3 Measurements Using BeryIlium-7 
as Tracer 
Beryllium-7 has he en used at Risø to monitor long term I/O ratios in Danish houses 
for many years. In the spring of 1991 Kim Pilegård, the senior scientist in the office 
next to our laboratory, purchased an II stage Berner impactor from Hauke, and this 
enable us to start an investigation of the activity size distribution of Be-7. When I 
started at Risø the gamma counting analysis of this sample run had just been 
completed. I took on the job to calculate the important parameters for the measured 
size distribution using the techniques described by Parker C. Reist in his hook 
'Introduction to Aerosol Science'. During my stay at the Environmental Measurements 
Laboratory, EML, in New York, Dr. E. O. Knutson introduced me to the computer 
programs he had developed for analysis activity size distributions of radon progeny 
and these programs I have used since to analyze our measurement data. During the 
last three years the measurement series have been expanded with an examination of 
the correlation between the mass distribution of atmospheric aerosol and the activity 
size distribution and the height dependence of the size distributions. 
In the summer of 1993 a second Berner impactor was purchased and it now became 
possible to measure indoor and outdoor Be-7 concentrations simultaneously for 
different size classes, an experiment we had wanted to do since the acquisition of the 
first impactor. An experiment was started right away in a house in the village of 
Ferslev. From the I/O ratios obtained average deposition velocities were calculated 
for particle sizes from 0.35 to 2.8 pm. 
3.1 Measurement Technique with a Berner Impactor 
The Berner low pressure impactor, BLPI, has been described by Berner and 
Liirzer(l980). The BLPI, Hauke Aeras 25-23/0.015 model, which is used in this study, 
has ten ordinary stages and a eleventh stage at the inlet where the particles larger than 
16 urn impacts. It has been tested by Hillamo and Kauppinen(l99l). They found that 
the impactor operated in accordance with the manufacturers specification with steep 
cut functions and with cut sizes identical to those specified by the manufacturer for 
stages 5 to 10 inclusive. For the low pressure stages, an increasing difference was 
found between the measured values and the specified values. For stage I a 50 % cut-
off diameter of 30 nm was found instead of the specified 15 nm. For the 
measurements presented here this was of minor importance as mass and activity 
concentration in the last three stages was minimal. The Berner impactor has come to 
have widespread use as a scientific aerosol sampling instrument. It has the advantage 
of narrow cut sizes for each stage giving it a high resolution compared to many other 
impactors such as Sierra and Anderson. The BLPI 25 version covers the size range 
from 15 (30) nm to 16 urn. One advantage of impactors, in contrast to other aerosol 
sizing equipment, is that the size-fractionated material is collected on the impaction 
surfaces for subsequent analysis, by say PIXE, NAA, chemical analysis, gravimetric 
analysis and gamma ray spectrometry. 
Impaction Surfaces 
Prior to using an impactor, the materials to be used as a collector in the various stages 
must be carefully considered. It is essential to collect the particles on a surface which 
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will not interfere with subsequent measurements and which will retain its efficiency 
for long periods (several days). The collector material must not contain significant 
amounts of the element cr material to be determined. Similarly, the material must not 
give rise to interferences when treated as a forerunner to analysis: for example neutron 
activation must not produce a radioactive nuclide which will interfere with the 
subsequent gamma ray analysis. For gravimetric measurements a surface that does not 
absorb humidity is preferable. For chemical analysis a collection material with no 
content of the species of interest is needed. Typically iead, z.inc, iron, sulphates, etc. 
The selected impaction surface must also have the ability to keep impacted particles 
firmly attached. 
To test the effectiveness of different impaction surfaces as collectors six different 
materials was tested using monodisperse silica particles of 2 and 4 urn aerodynamic 
diameter. One sample were made for each particle size and collector type. The 
impactor inlet were placed in front of the outlet of the silica particle disperser and 
approximately 100 mg of silica powder were dispersed in a 10 minutes period. The 
size distributions were obtained by gravimetric analysis as described in the next 
section and are shown in Figure 3.1 a & b. 
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Figure 3.1 a. Five different sampling surfaces tested with 2 /mi silica particles. As 
these particles are spherical, a higher fraction of particles must be expected to cany 
over to the next stages than would he the case for atmospheric particles. 
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Figure 3.1 b. Six different sampling surfaces tested with 4 /im silica particles. As these 
particles are spherical, a higher fraction of particles must be expected to carry over to 
the next stages than would he the case for atmospheric particles. 
Table 3.1. Properties of collection surfaces tested for use with a Berner impact or. The 
collection efficiency was determined from the distributions in Figures 3.1 a & b. The 
ratings for gravimetric analysis were based on personal experience with the collectors 
using a scale with a JO /ig resolution. The content of trace elements of metals was 
determined for all the collectors except the lens paper by Pilegaard(l994) and only 
the teflon and the PEfoil had a negligible background. The teflon foil is thus assumed 
to be suitable for neutron activation analysis, NAA, but this has not been proven. 
Surface type 
Glass fibre Whatman A 
Cellulose Whatman 542 
Aluminium foil 
Poly-Ethylene, PE, foil 
Teflon foil 
Lens paper 
Collection 
efficiency 
Good 
Bad 
Medium 
Bad 
Medium 
/good 
medium 
Gravimetric 
analysis 
Bad 
Bad 
Good 
Good 
Good 
Medium 
PIXE or 
NAA 
Bad 
Good 
Bad 
Good 
Good(?) 
-
Chemical 
analysis 
Bad 
Medium 
Medium 
Good 
Good 
-
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Schumann ct al (I9HX) examined the collection efficiency of impactors and found 
that for particles larger than I urn adhesive coating with greases or some other 
sticking material is preferable to enhance the 'sticking probability'. As very long 
sample periods were to be used in this study none of the recommended oils by 
Schumann ct al. could he used as they would evaporate within a few days in a low 
pressure impaclor. 
Gravimetric Analysis 
To facilitate comparability of results and minimize the uncertainties, a fixed 
measurement protocol has been maintained for all the gravimetric measurements. 
Before sampling the collector surfaces were dried in an air oven for 30 minutes and 
then in a desiccator for 2 to 4 days before they were weighed. After the sampling 
period, the filters were weighed again using the same procedure. The scale used had a 
resolution of 10 ug. To minimize the influence of absorption of humidity during 
weighing the collectors were weighed in the same order before and after sampling and 
a fixed time interval was maintained between each measurement. At the end of each 
scries of measurements, a control collector that had been dried together with the 
samples was also weighed. If the reading for the control collector differed by more 
than a few hundred microgrammes all the samples were rcdried and reweighed The 
control proved to be particularly useful when Whatman 542 was used as a collector 
since problems arose due to the uptake of humidity from the air in the weighing room. 
When teflon foils were used as collectors the scale was much more stable and easier 
to read. No rcdrying have been necessary when using teflon foils as collector surfaces. 
A subjective evaluation of (he suitability for gravimetric analysis of the different 
collection surfaces tested during this study is given in Table 2.1. 
Gamma Spectrometry 
When the collector surfaces were analyzed for Be-7 a 21 % or 35 % Ge(Li) gamma 
detector was used. Counting time ranged from I to 2 days for the centre stage and up 
to a week for the low activity stages. The standard deviation of these measurements 
varied from 6 - 8 % for the centre stage to 100 % for the less activity stages In some 
of the experiments, filters I to 3 and 8. 9 and 10 were counted together to improve the 
counting statistics. 
When neutron activation analysis was used to detect the tracer particles described in 
the next Chapter 4 the count time was five to ten minutes and the standard deviation 
was usually better than ±1 %. When neutron analysts was to be used for analysis 
Whatman 542 should be preferred as collection surface as can be seen from the review 
in Table 2.1. 
Analysis of Results 
Generally, particle size distributions will often fit a log-normal distribution rather than 
a normal distribution. That is, when the frequency function of the particle size data is 
plotted against the log of the particle diameter instead of the diameter it will resemble 
a normal distribution. By analogy with a normal distribution the geometric mean and 
the geometric standard deviation become: 
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where CT( is known as the geometric standard deviation. GSD. m is the amount 
collected (i.e. miu or activity) at the stage with a logarithmic mean sample diameter 
of </,. It is important to note that neither of these two numbers gives any information 
by themselves on whether or not a log-normal function is a good description of the 
measured data. 
Another method is to plot the frequency function of the measured data on log-
normal paper. A tog-normal plot of the 1991 impacior data shown in Figure 3.2. can 
be seen in Figure 3.3. If a log-normal distribution is a good description of the 
measured data then the plot should follow a straight line. The median diameter can be 
found as ihe 50 *« cut size and the GSD can be calculated from the following ratios. 
Reist(l9K4): 
_ R4.1 ¥Adiamclrr _ 'AYkiUamrttr 
r
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where the diameters is found by reading Ihe log-normal plot at the stated percentage 
lines. This is a convenient method of determining the median diameier and Ihe GSD 
and it has ihe advantage that the linearity of ihe plot will show whether a log-normal 
distribution is a good representation of the data. The major disadvantage is that 
drawing a straight line is not an objective procedure. 
As a third method for analysing impacior data, a computer program. NMSIMPLX. 
fining the data with a log-normal distribution using a Nehfer A Mead simplex method 
has been produced by Earl O. Knutsonf 1994) at EML in New York. This program 
provides a more objective method of determining the GMD and the GSD for the data 
and it calculates error terms for these values based on error estimates for the 
individual data points. Reineking et al.( 19X4) have described the method. A sum. X"\ 
of ihe square of the difference between the measured value. ^mrw^.rJ and a filled 
number. A^^, devided by the standard deviation of the measured values. SDiA.^^. 
is minimized by ihe program: 
where n is the number of measurement points. If a log-normal distribution is a good 
description o( the measured data then the average difference between (he measured 
value and Ihe filled value should be equal to Ihe standard deviation of the data points 
and (hus (he average X2 value for one data point should be unity and the X2 sum 
should be of Ihe same magnitude as the number of measurement points. For a series 
of measurements, the average X2 value should be close to the average number of data 
points. Stages 10 through 3 of Ihe Berner impacior measurements were filled a log-
normal distribution using the NMSIMPLX program and Ihe X1 sum should be around 
3 (the number of data points/stages) if a log-normal distribution is a good 
rep.^sen'iiion of Ihe data. 
The NMSIMPLX program has four advantages. It calculates a median diameter and 
a GSD with an error estimate based on the standard deviation of each measured point. 
The X2 value gives a figure for the appropriateness of the fit. It also lakes into account 
Ihe collection efficiency curve of each impacior stage. Fourthly, it is an objective way 
lo analyze ihe data. 
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3.2 Sizing of Be-7 Labelled Particles with a Berner 
Impactor 
Beryltium-7 is created mainly in the stratosphere when the atoms, C-12, N-14 and O-
16, are spallatcd by cosmic rays into two smaller atoms, one of which is Be-7. Be-7 is 
radioactive and decays with a half-life of 51.6 days: this makes it the only radioactive 
isotope formed by this process with a half-life long enough to reach ground level air. 
Be-7 content in the atmosphere has been monitored for more than 20 years in 
Denmark as part of a bigger programme for monitoring radionuclides in the 
atmosphere. The average levels range from 1000 to 4000 uBqm \ Aarkrog et 
al.(l993). Be-7 has been used as a natural tracer in various experiments: Roed(l985), 
Roed & Canncll()987) and Christensen and Mustonen( 1987) used Be-7 to monitor the 
ingress of airborne particles into buildings. It is especially suited for such studies since 
it is of almost purely outdoor origin. Kritz and Rosner(l99l) used Be-7 as a tracer in 
studies of air mass origins and Dibb and Jaffrezo(l993) used it as a tracer in a study 
of snowfall in Greenland- It has also been used to check the filter efficiency and flow 
rate of high volume air samplers at Risø National Laboratory. 
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Figure 3.2. Size disirihuiion of Be-7 measured 3 meters above ground in 1991 The 
data is presented by plotting the pertage of the total collected present in each stage. 
This distribution had a GMD of 0.79 /tm and GSD of 1.7 as can be seen in Table 3.2. 
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Figure 3.3. Log-normal plot of the 1991 measurement. As can he seen on the Figure 
the Be-7 activity distiibution followed a straight line when plotted on log-normal 
paper and a log-normal distribution was thus a good description of the data. 
In order to obtain knowledge about the size distribution of the particles for which 
the indoor/outdoor concentration ratios have been determined previously and during 
this study, a Berner impactor has been used to measure the size distribution of Be-7 
and the mass distribution of ambient atmospheric aerosol. The results for Be-7 give 
information on the size of the panicles used in the experiments and the mass 
distribution measurements give information on the connections between Be-7 labelled 
particles and the ambient aerosol. 
Method 
Particles were collected with a 10-stage Berner Impactor from Hauke in six periods of 
about 40 days each. In the first collection, Whatman Glass Fibre A filter paper was 
used as a collecting surface but to facilitate gravimetric analysis Whatman 542 filter 
papers were used during the next three impactor runs. The poor performance of the 
Whatman filler papers collector lead to the investigation of a series of collectors, see 
Figures 3.1 a & b and Table 3.1. Based on the results of this investigation teflon foil 
was chosen for all later measurements. Gravimetric and gamma ray analysis were 
carried out. The results were analyzed by plotting on log normal paper and by using 
the NMSIMPLX program and the obtained GMD and GSD are displayed in Table 3.2. 
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Tabic .1.2. Summary of impactor measurements, mass and Be-7. -LN = not log-normal. 
In the test in '91, mass was not .neasured. '10'x Counts per second instead of Bq 
Plot means that the value was found by reading a plot on tux-normal paper. The last 
four columns present results calculated with the NMSIMPLX computer program. 
Na-
me 
91 
A 
A 
B 
B 
C 
C 
D 
D 
E 
E 
Ty-
pe 
Be-7 
Be-7 
Mass 
Be-7 
Mass 
Be-7 
Mass 
Be-7 
Mass 
Be-7 
Mass 
GMD 
Plot 
|nmj 
740 
540 
800 
1180 
1040 
740 
LN 
780 
-LN 
970 
1310 
GSD 
Plot 
[ ] 
2.01 
2.52 
3.72 
2.32 
3.47 
2.60 
-LN 
2.66 
LN 
2.51 
3.76 
Total 
amount 
[BqJ or 
Jugm'] 
166.43' 
2.52 
51.87 
3.97 
27.86 
6.77 
14.32 
6.12 
29.00 
22.65 
22.60 
GMD 
NMSIMPL 
X 
(nm) 
786+37 
5I8±33 
I045±2 
II43±42 
I035± 5 
981±I7 
I052± 6 
932±24 
4635122 
I039±23 
1011±5 
GSD 
NMSIMPLX 
[ ] 
l.72±0.07 
2.0410.11 
2.62±0.02 
2.0310.07 
2.1710.01 
2.1710.04 
3.47+0.04 
2.2910.05 
2.3110.01 
2.2210.05 
7.3110.02 
Amount 
NMSIMPLX 
IBq] or 
Ipgm'] 
168.24+6.4 
2.3310.24 
44.63+0.23 
3.8810.29 
23.9410.22 
5.9710.18 
10.89+0.26 
6.0310.25 
22.4710.22 
23.16+1.06 
18.91+0.22 
x-
[ ] 
1.35 
5.31 
3413 
4.25 
821 
70.6 
432 
9.73 
2180 
6.23 
954 
The 1991 measurement was made at Risø with the inlet of the impactor 
approximately 3 meters above the ground and the size distribution is shown in Figure 
3.2. The 'A' experiment was conducted inside a house in Vellerup and the result is 
shown in Figure 3.5. All other experiments were made at the RIMI test site near Risø 
and the size distributions have been shown in figures 3.4 b e , 3.6 a-b and 3.7 a-b. The 
RIMI station features a 10-meter mast with anemomeiry equipment. It is situated 2 km 
from Risø in the middle of a field in a flat area. The nearest significant source of 
airborne particles is a highway (10,000 cars per day) at a distance of one kilometer. A 
full description of this meteorological research station is given by Hummelshøj(l992). 
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Figure 3.4 h-e Mass distribution and activity distribution of Be-7 at the RIMI 
research station near Risø The x-axis is the logarithmic mean of the cut-off diameter 
of the current and previous stage. On the y-axis the percentage of the total collected 
material deposited in each stage in pictured. With this unit the shape of the two 
distributions can be compared. 
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Figure 3 5. Indoor mass and Be-7 size distribution measured in a summer cottage in 
Vellerup in the spring of 1992. The house had a natural air-e.xchange during the 
sampling which lasted 42 days. The Be-7 activity distribution had median size of 520 
nm which is clearly lower than in the outdoor measurements suggesting a higher loss-
rate of bigger particles during digression. The total mass collected was twice the 
average mass load found in the outdoor measurements and especially for the smaller 
particles an excess mass were found suggesting the presence of internal sources. 
Discussion 
The average amount of suspended particulate matter found in the four outdoor tests (B 
- E) was 24.65 ugm' (Table 3.3). The total sampling time was 5 months. This 
corresponds well to (he levels of particulate matter in rural air found by others, such 
ar Whitby(1978) and Hummelshøj(l992). All mass distributions, Figures 3.4 b - e, 3.6 
a ?.nd 3.7 a, had a peak between 0.7 and 1.4 urn and that was associated with the 
accumulation mode of atmospheric particles. A second peak between 2 and 6 urn was 
also recorded and in two experiments. Figure 3.4 b & d, this peak exceeded the first 
peak. These larger panicles were associated with the coarse mode of atmospheric 
particles. An experiment in March 1993 with two impactors, one lend borrowed from 
GSF in Munich, at different heights supported the belief that this mode was associated 
with resuspended particles close to the ground (Figure 3.6). During this experiment 
there was agricultural activity in the field surrounding the RIMI test station during the 
sampling period. A repetition in 1994 of the experiment in a period with no local 
activity showed no difference in the mass distributions at the two heights as can be 
seen in Figure 3.7 a. In general, a log-normal distribution is not a good description of 
the mass data as (he large X2 values in Table 3.2 show. 
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Figure 3.6 a & b. Mass distribution at I m and 10 m above ground measured at the 
RIMI meteorological station at Ulle Valby near Risp. The two mass distribution have 
been measured with a JO-stage and a 8-stage Berner impactor. To adjust for the 
different flow rates of the equipment the collected have been divided by the volume of 
sampled air. Both here and in Figure 5.7 the mass peak at 0.71 )im is identical for the 
two heights. In this figure a second mode of larger particles can be seen closer to the 
ground. This is attributed to resuspended particles due to agricultural activities in the 
field surrounding the test site. 
46 Risø-R-780(EN) 
30 
^ 
u 0 0 
n j 
«-^  i/> 
C 
20l 
15-
O 10 
0+ 
Serie G 15/4 - 20/5 1994 
21 42 87 180 350 710 1400 2800 5700 11300 
Particle size [nm] 
Be-7 low 
Hi 
Be-7 high 
180 
Particle size [nm] 
5700 11300 
Figure 3.7 a & h. 1994 measurements in 1 and 10 meters height. Mass and Be-7. 
During a second experiment with impactors in two heights no significant difference 
was observed between the two distributions neither for Be-7 or the mass 
measurements. 
Risø-R-780(EN) 47 
Ttiblc 3.3. Si;e-fiuilii>>hiHil average mass concentrations in rural air in Denmark. 
Mass COM durations in each sta^e of I he impactor averaged for the measurements at 
the RIMI research station. The uncertainty on each measurement was estimated to he 
200 ft\< or app. 0 2 ;«,i» m '. 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Tot: 
A 
|ug/m') 
0.48 
0.86 
1.73 
6.07 
10.80 
9.61 
9.19 
8.33 
4.10 
2.03 
53.21 
B 
Ipg/m'l 
0.54 
0.58 
1.01 
1.62 
3.99 
6.51 
6.71 
3.74 
3.22 
L 1.43 
29.34 
C 
fug/m'l
 J 
0.89 
0.94 
0,11 
1.96 
2.16 
1.39 
2.03 
2.14 
0.42 
1.95 
16.15 
D 
Ipg/m'l 
1.00 
0.31 
0.93 
2.02 
3.02 
3.83 
3.81 
4.32 
6.19 
L 4.88 
30.31 
E 
fug/m') 
0.15 
0.04 
0.21 
0.61 
3.04 
5.6) 
4.77 
3.37 
3.19 
1.89 
22.8 
Av(B-E): 
Iug/m'| 
0.64 
0.47 
0.56 
1.55 
3.06 
4.34 
4.33 
3.39 
3.26 
2.53 
24.65 
In all six experiments, the Be-7 counts had a clear log-normal distribution with a 
GMD of 0.7 urn to 1.0 urn (figures 3.4 b-e, 3.7 and Table 3.2). The size distribution 
of Be-7 correlated with the first peak of the mass distribution but not with the surface 
distribution. This supports the findings of Reineking et al.(!985), namely, that the Be-
7 distribution follows that of an 'aged' ambient aerosol and has a size distribution 
similar to Pb-210 labelled particles and sulphur particles. In other words, although 
attachment is the process that leads to the creation of particles labelled with Be-7, the 
subsequent coagulation and rain-out/wash-out of the aerosol forms an activity 
distribution that resembles the mass distribution of the accumulation mode. 
Measurements with high volume samplers by Reineking et al.(l990) and Bondietli and 
Papastefanou(l986) showed GMD values of 510 nm and 400 nm, respectively. 
For the Be-7 data, the NMSIMPLX program gave good results with all but one X2 
value close to the number of measurement points. The fitted distributions had GMD's 
close to those found by plotting. The GSD was smaller than those found manually and 
that was expected because NMSIMPLX takes the collection efficiency function of 
each impactor stage into account. In contrast to this, all fits of the mass distribution 
had large X2 values and a uni-modal log-normal distribution was not a good fit. Fitting 
the mass distribution with bimodal log-normal distributions gave reasonable values of 
X2 with the first peak at 311 to 462 nm and the second peak at 1431 to 3840 nm. 
Ås the measured activity levels of Be-7 in Denmark corresponded to an average 
concentration of I05 atoms per m' of air and the particle concentration was in the 
range 10" to 10'" m'\ it can be seen that only very few particles were actually labelled 
with Be-7. 
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In addition to the outdoor samples an indoor impactor run was made in the spring 
of 1992 to investigate whether differences in the indoor and the outdoor size 
distributions could be seen. The Be-7 activity distribution had median size of 520 nin 
which is clearly lower than in the outdoor measurements suggesting a higher loss-rate 
of bigger particles during ingression or due to a higher deposition velocity of larger 
particles. The total mass collected was twice the average mass load found in the out 
measurements and especially for the smaller particles an excess mass were found 
suggesting the presence of internal sources. It was believed that the enhanced indoor 
mass concentration was due to the presence of the air sampling equipment, the 
impactor pump and the pumps used for making reference measurements of the Be-7 
level. 
3.3 The Vellerup Experiment 
Roed & Cannell(l987) described an experiment where both the filter factor of the 
building envelop,/, and the deposition constant, Xd, were measured using Be-7 as a 
tracer. The experiment was carried out in three phases. In the first phase, air was 
conducted into the house with a centrifugal blower thus maintaining an overpressure in 
the house and making sure that air only entered the house through the blower. 
Secondly air was sucked out of the house at the same rate that it had been blown in 
thus creating a reduced pressure in the house. In this phases all air leaving the house 
went through the blower due to the reduced pressure. The assumption that all air 
entered or left the house through the blower was verified by comparing the flow-rate 
of the blower with the air-exchange of the house measured with SFfi tracer gas. In the 
first phase there should be no filtration or interception by building envelop as all air 
entered through the blower and the tracer concentration in the incoming air was 
determined at the outlet of theblower. In the second phase all incoming air entered 
through the building envelop was thus suspectable to filtrated by the building envelop. 
As the air exchange rate is identical in the two situations/can be calculated from a 
difference in the I/O ratio when the deposition constant is assumed to be identical in 
the two situations. In the third configuration the house was monitored with the natural 
air-exchange rate. Using the value for/determined by the first two measurements the 
deposition constant, X(/, and the average deposition velocity, v(/, were calculated. For 
Be-7/was found to be unity, i.e. no filtration, and the average deposition velocity was 
7.1x10'm s'. 
Following the same experimental procedures an experiment was carried out in the 
spring of 1992 in a summer cottage in the village of Vellerup 40 km from Risø. The 
cottage was a 1-storey wooden construction and covered an area of 36 m\ The 
experiments took place from February to the beginning of April and the electrical 
heating was used. The weather was often windy during the experiments. For these 
reasons the air-exchange rate was high during the experiment, 0.8 - 1.5 h'1. The 
window in a small bedroom was replaced with a plywood sheet and a centrifugal 
blower fitted, so that air could be sucked out and pressed into the house. Figure 3.8 
shows the outline of the house and the position of the measuring equipment. 
The experiment was carried out in three phases, each phase lasting two weeks. In 
the first phase, air was blown into the house maintaining a overpressure, then followed 
two weeks with natural air-exchange and in the last two weeks air was continuously 
pumped out of the house maintaining a reduced pressure. During the experiment the 
house was visited twice a week and filters changed in the air samplers, the flow rate 
of the blower was checked, indoor and outdoor temperatures recorded and the air-
exchange rate was measured using SFA gas as a tracer. 
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Large blower 
Figure 3.8. Plan of the summer lottagc in Vellerup and the position of the equipment. 
The air-exchange rate is an important parameter when the deposition constant is to 
be calculated. In the two periods with forced air-exchange, the air-exchange was 
controlled by the flow-rale of the blower and not influenced by the weather condition. 
The average air-exchange in the two periods were similar and an average value of 4.3 
h ' was used for the calculation of Ihe deposition constant, Xtl. During the phase with a 
natural air-exchange six measurements were made of X, The value of X, varied for 
these measurements with the weather conditions. An effort to extrapolate the measured 
air-exchange rates to cover the hole sampling period has been made. Wind speed, 
wind direction and ambient indoor and outdoor temperature determine the rate of air-
exchange in a given building. Since these data were not recorded at the site, data from 
the nearby Risø meteorological station have been used and the air-exchange was found 
to correlate with the wind speeds measured at the meteorological mast at Risø at 10 
meters height Compared to the variations in the wind speed data the relative changes 
in the indoor-outdoor temperature differences were small during the experiment (the 
temperature difference ranged from 14 to 17 C ) and no correlation was found for 
these data. Also the wind direction were omitted as the number of air-exchange 
measurements was too small to permit this. The wind speed ranged from 4 to 10 ms' 
for the 6 air-exchange measurements made with the natural air-exchange situation. A 
good correlation, r = 0.95, was found despite the distance between the Risø 
meteorological mast and the test house. The air exchange was approximated by the 
following linear regression: 
X,=0.50/r'+0,08/1 X , „ M „ > / * ) (35) 
This expression was then used to estimate the average air-exchange rate using the 
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average of wind speed measurements from the Risø meteorological mast during the 
natural air exchange period. From the I/O ratios, an average deposition velocity, »•, 
was calculated from the deposition constant, Xd, by multiplying it with the volume of 
the house, V, and dividing with the internal surface area of the house. 5. \j was 
isolated from equation (2) and the term for the cleaning effect. A.,, was included to 
allow for the filtering effect of the air sampling equipment in the test house. The 
equation used for the calculation of vd was: 
y \-CJCJL\+\) 
*<'-*-*<- eye, (36) 
The house in Vellerup had an internal volume of V = 84 m1 and an internal surface 
area of 5 = 183 m\ The results are shown in Table 3.4.The I/O ratio for the Be-7 
concentration was 0.8 both when air was ducted air into the house and sucked out of 
the house. This is in agreement with the result found by Roed and Cannell(l986), i.e. 
the filter factor of the building envelop was close to one. The vu was four times 
greater in the forced air-exchange phases than in the natural air-exchange phase. 
Apparently the increased air movement created by the blower significantly increased 
the deposition of the Be-7 labelled particles. This observation emphasized the 
difficulties in the interpretation of such I/O measurements. 
Table 3.4. Levels of Be-7 in indoor and outdoor air. The air exchange rale for the 
natural air exchange configuration has been calculated using equation (.IS) and an 
average wind speed of 5.40 ms'. As the air exchange did not differ significantly 
between the over pressure and the reduced pressure situation an average value of 4.3 
h' was used. 
Configuration 
Positive pressure 
Negative pressure 
Natural exchange 
K 
[h'l 
4.2±0.4 
4.410.5 
0.93 
I/O ratio 
[ 1 
0.80 
0.80 
0.77 
Average v,, 
f l O W ] 
1.410.13 
1.411.3 
0.35 
3.4 Indoor/Outdoor Measurements using two Berner 
Impactors in Ferslev. 
An impactor was used to sample air in a period overlapping the natural air exchange 
phase of the Vellerup experiment. The resulting Be-7 activity and the mass 
distributions are shown in Figure 3.5. The Be-7 had an AMAD of 520 nm in this 
experiment and this clear reduction of the concentration of larger panicles compared 
with all the outdoor measurements suggested an experiment with two impactors 
measuring size specific I/O ratios. 
In the summer of 1993 a second Bemer impactor was obtained and it thus became 
possible to start an experiment with two impactors sampling simultaneously, one 
inside and one outside a house. The house in the village of Ferslev, that had been used 
in one of the experimental campaigns measuring indoor deposition described in 
chapter 4, was used for the measurements. The house is a Danish family house of one 
and a half storey in double brick construction. The natural air-exchange rate was 0.17 
h' in average in August where the house was not heated and 0.37 h' in December 
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when (he lieai » J I on. These values are close (o (he average value for danish house of 
newer construction (0.2 h' with no mechanical ventilation and 0.4 h' with 
ventilation). It was decided to repeal the Vellerup experiment with the same three 
phases, but the natural air-exchange situation was performed both with and without 
heating of the house. In total, four series of measurements were made: 
1. Four weeks with natural air exchange and no heating. 
2. Four weeks with air pumped into the house and maintaining an over pressure. 
3. Four weeks with air sucked out of the house maintaining a reduced pressure. 
4. Three weeks with natural air exchange and indoor heating. 
The impactor experiment in Vellerup had shown an excess mass especially in the 
stages 0.18. 0.35 and 0.71 pm logarithmic mean panicle size. This extra mass in the 
indoor air might originate from the pump used air sampling and the impactor pump 
itself. To avoid any interference of the indoor mass measurements by fumes from the 
sampling equipment all equipment was placed in (he bathroom of (he house. The 
bathroom door was replaced with a plywood sheet through which tube.-: for air 
sampling and blowing and sucking air was fitted. This set-up of the instrumentation 
has been shown in Figure 3.9. 
The air exchange rate was monitored with SFft tracer gas once or twice a week. The 
average air exchange rales measured during ihc four phases of the experiment arc 
shown in column 2 of Table 3.5. These values were based on 4 or 5 measurements for 
each situation. For the phases with a forced air-exchange an average of the two 
exchange rales was used for calculating the deposition velocities, as the blower was 
pumping at Ihc same flow-rate (verified with a weekly flow measurement) in the two 
phases and no significant difference can be seen between the SFA measurements. 
In addition to the impactor measurements the absolute indoor and outdoor Be 7 
levels were determined with air samplers operated al a flow rale of 100 min' using 
Whatman GFA filter papers. One sampler was placed outdoor next to ihe impactor 
inlet and two were placed indoors: one upstairs and one downstairs as shown on 
Figure 3.9. 
The impactor samples were analyzed both gravimetrically and by gamma ray 
spectrometry The I/O ratios of Bc-7 and the airborne mass were thus measured for 
each size class. Teflon foils were used as collector surfaces in ail tests. From the I/O 
ratio, the average deposition velocity to all internal surfaces was calculated from 
Equation (35). Due to the poor counting statistics for the outer stages deposition 
velocities arc only calculated for stage 5. 6, 7 and 8. These measurements had a 
standard deviation ranging from 5 to 40 %. Especially stage 8 was associated with a 
high counting uncertainty. The larger number of samples, two impactors used, reduced 
the detector lime available per sample. The internal volume, V, of the house was 278 
m' and the area of the internal surfaces, 5, was 485 m2 excluding the furniture, but 
including floors, walls and ceilings 
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Figure f.9 Plan of the experimental sel-up in the Ferslev lest house All pumps was 
plated in the Ixilhroom to avoid disturbing the particle distribution in the test house 
with e.xhaust from the eleitm-motors. The drawing shows the inlefioutlet of the 
Nower and the inlets of the air samplers ami the :mpat tors which nas tonnet led by 
tubes and pipes to the pumps in the bathroom The outlevmlet in the house of the hic 
Mower was divided into three lube: two downstairs for the kilt hen and the living room 
and one for upstairs. This was dime lo ensure adequate mixing of ihe air blown info 
or out of the house. 
DiscBsskm of Results 
The -xperimeni progressed according to the plan until Ihe last configuration with 
natural sir-exchange and healing where the impactor pump suffered mechanical 
failure. As the test house was no longer available the experiment were terminated 
here. For the first three configurations a complete record of the monitored parameters 
were obtained. The important parameters and the overall results have been 
summarized in Table .1.5. 
For the natural air-exchange rate situations Ihe standard deviation on the average 
air-exchange rates ranged from 19 % to 29 %. Compared to the situation in the 
Vellerup lest house where variations up to a factor three were observed this reasonably 
slable results and this relative insensilivily to the weather situation was attributed to 
the light construction of Ihe building. For the forced air exchange situations the 
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situation even improved and a standard deviation of 10 % was found on the average 
air-exchange rate. Overall the air-exchange was considered to be stable and the 
average values obtained were used to determine the deposition velocities of different 
particle sizes. 
The I/O ratios of Be-7 obtained with GFA filters are shown in Table 3.5. For the 
indoor concentration an average of the upstairs and downstairs filter have been used. 
The pattern of these I/O ratios follows those measured with the impactor with the 
highest I/O ratio for the over pressure situation. But there are significant absolute 
differences between the impactor I/O ratio the I/O ratio obtained with GFA filters. 
These differences indicate that the internal mixing in the test was not complete and 
that there was consistent differences in the Be-7 concentration in different pans of the 
house. During the over pressure situation some additional filtering took place in the 
blower pumping air into the house and this must have reduced the indoor Be-7 
concentration and thus the I/O, but the I/O ratio is higher in the over pressure 
situation. The filtering effect of the pump was measured by sampling air from the 
outlet and found to be 5 %. 
The results were analyzed with the NMSIMPLX program. It was the hope that the 
fitting with a log-normal distribution would improve the predictions of the various 
data point and thus decrease the uncertainty. AH the fits had low X" values as can be 
seen in Table 3.9. Some differences between the fitted I/O ratios and the measured I/O 
values were seen especially for the outer stages of the impactor and it was decided to 
use only the raw data in the analysis of the results. 
Interpretation of the Mass Distributions 
The out door mass distributions measured outside the Fer.slev test house (see Figures 
3.10 a, 3.11 a and 3.12 a) were similar to those at the RIMI test station (see Figure 
3.4 a - e) with an accumulation mode peak around 0.7 urn and a coarse mode peak 
around 5 7 urn. The indoor mass distribution during the natural air-exchange situation 
(Figure 3.10 a) was similar to that found in the Vellerup test house (Figure 3.5). The 
coarse mode peak has nearly disappeared, but a large population of particles in the 
size range 0.18 to 0.35 exists in the indoor air causing the total indoor mass load to 
exceed the outdoor level. As the influence the electro-motors for the air samplers have 
been removed in this experiment by sealing them of in the bath-room other significant 
indoors sources of sub-micron particles must have existed in this house and probably 
also the Vcllerup test house. No theories on the type of these indoor particle sources 
can be made here, but it the hope that future analysis of the impactor collector 
surfaces (chemical and PIXE) will yield further information on the origin of this 
excess mass. 
Discussion of the Be-7 Measurements 
The I/O level measured with GFA filters was 0.45 for the natural air exchange 
situation without heating. This corresponds to an average vd of 0.33xl04 ms ' This is 
close to the vd of 0.35 ms ' found in the Vellerup test house, but when the heating 
was turned on the air-exchange rate increased and the derived deposition velocity 
changed to 0.6lxl04ms'. Again an example that significant changes can be seen in 
the deposition when the air flow is change, in this case due to the convective flows 
created by the central heating. 
For situation number one with a natural air-exchange low indoor deposition 
velocities were found from the size specific I/O ratios obtained with the impactor as 
shown in Table 3.6. Similar to the Vellerup experiment the deposition velocities were 
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found to be much smaller when there was not any forced air exchange. The natural air 
exchange was 5 time smaller in Vellerup and the average depositirn velocity was half 
that in Vellerup. 
!:> the forced air exchange situations a clear decrease in the I/O ratio could be seen 
for increasing particle size as can be seen in Table 3.7 and 3.8. This corresponds to a 
increase in the deposition velocity wi;h particle size. The I/O ratio was higher in the 
pressure situation than in the vacuum situation as would be the case if the air was 
filtrated during ingression into the building. But if ingression was the mechanism 
responsible for the larger reduction in indoor Be-7 concentration during the reduced 
pressure situation then it would be expected that the largest reduction occurred for the 
larger particles and this not the case as can be seen when comparing the Figures 3.11 
b and 3.12 b and the geometric mean diameters in Table 3.9. The difference could 
also be coursed by the fact the inlet of the impactor was placed at points that was not 
representative of the average I/O. As can be seen in Figure 3.9 the impactor inlet was 
placed in the centre of the house were also exhaust of the air in the pressure situation 
and the outlet in the vacuum situation was situated. When ducting air out of the house 
it must be expected that particle concentration is lowest for the with longest residence 
time, that is the air in the centre of house. During the pressure situation the particle 
concentrations must be higher in the centre of the house as 'fresh' air is blown into 
the house here. 
It is thus an open question whether filtration or a difference in the equilibrium ratio 
at the measuring point is responsible for the different pattern in the vacuum and 
pressure situation. As earlier results, the Vellerup experiment and Roed and 
Cannell(l987), implied that there was no filtration no filtration factors have been 
calculated here and instead average deposition velocities have presented in Table 3.10 
for the two situations. These values can then be compared with the deposition 
velocities found by direct measurements presented in the next chapter. 
Table 5.5. Summary of important parameters for the 110 impactor experiment in 
Ferslev. Column three termed filter refers to measurements using GFA fillers for 
determining the absolute indoor and out concentrations. The standard deviation of the 
gamma counting was 1 - 3 % for these measurements, but the week to week 
differences were greater than this (5 - 10 %). The 'impactor' column shows the I/O 
ratio for the total activity collected by the impactors. The stated uncertainties are 
those given by the NMSIMPLX programme 
Experiment 
Natural air ex. 
Pressured house 
Vacuum on house 
Nat. air-ex. Heat on 
K 
[h-'l 
O.17+/-O.05 
0.76+/-0.08 
0.72+/-0.07 
0.3710.07 
Filter C/C„ 
[ ] 
0.45+/-0.I0 
0.83+/-0.04 
0.56+/-0.II 
0.49±0.0l 
fmpactor C/C0 
i ] 
0.60+/-0.06 
0.70+/-0.07 
0.41+/-O.02 
• 
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Figure 3.10 a & h. Mass and Be-7 distributions inside and outside the Ferslev house 
during the four weeks with a natural air-exchange. The outdoor mass distribution can 
be seen to follow the pattern of the measurements made at the RIMl meteorological 
station (Figure 3.4 b-e) with a accumulation mode peak around 0.7 pm and a coarse 
mode peak around 5.7 pm. The indoor mass distribution resembles that of the indoor 
impactor measurement made in Vellerup (Figure 3 5) Also the Be-7 distributions 
follows the pattern observed in the earlier measurements, but the clear shift towards a 
smaller indoor AM AD observed in Vellerup is not observed here. 
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Figure 3.11 a & b. Mass and Be-7 size distributions inside and outside with reduced 
pressure in the lest house. The increased air-exchange have reduced the excess mass 
observed for the fine particles, but the 0.087 and 0.18 Jim stages the indoor 
concentration still exceeds the outdoor levels again suggesting the presence of 
significant internal sources of fine particles.. The Be-7 distribution shows a large and 
relative similar reduction for the 0.71, 1.4 and 2.8 fim stages and also for this 
configuration there was no overall difference in the AMAD of the indoor and the 
outdoor Be-7 distribution. 
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Figure 3.12 a & h. Mass and Be-7 distributions inside and outside during the over 
pressure configuration. The mass distribution follows the pattern seen in the previous 
measurements. Compared to the reduced pressure situation it can be seen that a 
reduced level in the accumulation mode of the outdoor aerosol corresponds with a 
reduced indoor mass concentration in the same size range. For Be-7 distributions a 
clear reduction of the AMAD can be seen for the indoor aerosols. This extra loss of 
larger particle may partly due to losses in the big blower. 
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Figure 3.13. Fit with the NMSIMPLX programme for Be-7 data (Figure 3.10 b) from 
the natural air and no heating exchange situation. It was considered to use the fitted 
plot to calculate the size specif c I/O ratios in order to improve the estimate of each 
data point, hut the idea was discharged as the fitted distribution often differed 
significantly from the measured data in the outer impaclor stages. 
Table 3.6. Size specific I/O ratios for Be-7 for the natural air-exchange situation with 
no heating The Air-exchange rate was 0.17+1-0.05 and the filter factor of the building 
envelop is assumed to he 1.0 for all particle sizes. 
Ill 
0.35 
0.71 
1.40 
2.80 
Indoor 
Be-7 
[10'cps] 
2.42 
2.10 
1.63 
0.52 
Outdoor 
Be-7 
[10'cpsl 
4.07 
3.41 
2.43 
1.80 
I/O 
[ 1 
0.595 
0.616 
0.671 
0.289 
I 1 
0.12 
0.11 
0.08 
0.42 
[lO-ms1] 
0.19 
0.17 
0.13 
0.67 
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Tahle i. 7. Size specific HO ratios for Be-7 for the over pressure situation The air-
exchange used for calculating the deposition velocities uus 0.74 h' 
Size 
Ijim) 
0.35 
0.71 
1.40 
2.80 
c 
IBqm'l 
4.40 
4.18 
0.91 
0.49 
r 
[Bqm'l 
5.00 
5.52 
3.72 
2.79 
11 
0.88 
0.76 
0.24 
0.18 
Ih'l 
0.10 
0.23 
2.27 
3.45 
( l O W l 
0.16 
0.37 
3.61 
5.49 
Table 3.8. Size specific I/O ratios foi Be-7 for the reduced pressure situation. The air-
exchange i.s 0.74 h'. The relative uncertainty is 108. 35. 55 and <S7 *7t. respectively 
Size 
tøm) 
0.35 
0.71 
1.40 
2.80 
IBqm'l 
1.06 
2.61 
1.61 
0.74 
c 
»uld**« 
IBqm'l 
1.22 
7.71 
3.98 
2.17 
c/c0 
11 
0.87 
0.34 
0.40 
0.34 
K 
Ih'l 
O.M 
1.43 
1.08 
1.42 
IIO'ms'1 
0.18 
2.28 
1.71 
2.26 
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Table J 9 Sununaiy of the Be-7 disirdyutions measured in Ferslev analyzed on lug-
normal paper and with the WfS/MPLX programme The erroi terms are those 
estimated hx the SMSIMPLX code. 
Name 
10 
I I 
20 
21 
30 
31 
CiMD 
LN-paper 
|nm) 
662 
640 
855 
460 
975 
800 
GSD 
LN-paper 
I 1 
2.81 
2.69 
2.85 
2.33 
2.29 
2.31 
Total 
measured 
[10'cpsl 
13.37 
8.06 
18.65 
12.99 
15.82 
6.55 
GMD 
nmsimplx 
[nm| 
614+56 
632+72 
965±50 
467135 
909+59 
857±94 
GSD 
nmsimplx 
I I 
1.89+0. I I 
1.85+0.13 
2.35±O.I2 
1.6410.11 
1.62+0.13 
I.9I+O.I2 
Amount 
nmsimplx 
[lO'cps] 
11.711.3 
7.511.1 
18.211.8 
11.611.2 
14.711.5 
6.211.1 
Chi 
1 1 
11.3 
4.7 
10.2 
6.2 
11.4 
1.8 
Tahlc J.10. Average deposition velocities for the pressure and vacuum situation. 
Size 
|um] 
0.35 
0.71 
1.40 
2.80 
Average v, 
| l 0 4 m s ' | 
0.17+0.01 
1.33+0.96 
2.6610.95 
3.8811.62 
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4 Indoor Deposition Studies Using 
Rare-Earth Tagged Particles 
Experiments with Be-7 had indicated that deposition is an important mechanism for 
removing particulate from indoor air Very little information on indoor deposition can 
he found in the literature apart from some measurements made with particles labelled 
with radon progeny The size of these particles were 10 to 100 nm in aerodynamic 
diameter, i.e. much smaller than the expected activity mean of the particles released 
after a (ma tear) accident A knowledge of indoor deposition would clearly he valuable 
in assessment of the advantages of sheltering indoors during the passage of a toxic 
cloud. Information on size specific deposition velocities would enable us to predict 
protection factors for different sizes of particles Senior scientist Jørn Roed and 
Professor A. Goddard discussed how to measure indoor deposition and an idea to use 
monodisperse silica particles labelled with neutron activatable tracers emerged This 
technique is used to measure deposition velocities to plants at the Imperial College 
Reactor Centre in S-tnningdale, Berkshire, United Kingdom. 
This chapter describes experimental campaigns w<>rk carried out in four different 
houses. The first house was investigated using 2 and 4 micion silica particles This 
experiment was carried out before I started working at Risø in Septembci 1991. One 
of my first actions when I started at Risø was to discuss the experimental technique 
used und to participate in the preparation of the results for presentation (Roed el al. 
1991) Later in the autumn of 1991 I went to England with the equipment used in the 
first house to participate in a series of experiments at the Building Research 
Establishment. BRE. in Watford. In the summer of 1993 a new house became available 
in the village of Fcrslev Denmark In the spring of 1994 another house became 
available in the village of Jersie in Denmark where a fourth and final series of 
measurements was made. 
4.1 Theoretical Considerations and Experimental 
Technique 
Jayasekeera el al.( 1989) developed a technique where porous spherical monodisperse 
silicon-oxide particles (normally called silica) were labelled with the rare earth 
element dysprosium. The particles are detected by neutron activation of the Dy-164 to 
Dy-165 and subsequent gamma analysis. The advantages of this technique are: 
• particles of a specific size can be dispersed in air and later be sampled and 
unequivocally identified since the abundance of dysprosium in the ambient aerosol 
is negligible. 
• the high sensitivity of the neutron activation analysis means that only small amounts 
of silica particles are used, typically a few microgrammes, and the increase in 
loading of the ambient aerosol is negligible. The ambient burden is typically higher 
than 50 ugm \ Owen and Ensor(l992). 
c u e half-life of Dy-165 is only 1392 minutes so no long term radiation hazard is 
created but the half-life is sufficient long to permit accurate measurements in the 
gamma-ray spectrometer. 
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The idea was to disperse these particles in a real house using a powder dispersion 
generator manufactured by Palas Gmbh and then measure the decrease in tracer 
concentration by taking consecutive filter samples. During the experiment, the air-
exchange rale was to be measured and the deposition constant, Xc, was then to be 
found by subtracting the air exchange rate, k,, from the decay constant, \: 
\r\-\ (37) 
The air-exchange rate was measured by releasing SFh gas into the test room and 
monitoring the decrease in concentration by gas chromatography. The absolute 
decrease with time of both the tracer gas and the particle concentration is proportional 
to the concentration and the decay will thus follow an exponential curve if the 
experimental conditions are constant during the test. Both these decay constants are 
found by linear regression (e.g. Conradsen( 1984)) of the logarithm cf the tracer 
concentration, C(i,), at time, /,, for n different points of time: 
^4>A^)-£r,I>«C(r) 
«£log2C(/,)-(J>i!C(r))2 
For this regression, the correlation coefficient is also calculated for each data set by 
the following formula: 
;
 "= , , (39) 
^ ( / i ^ log:C(r,)-(£ /rtuC</)>2)<ii£ / ; - ( £ f,)2) 
In both formulas all sums are for n points of time. Equations (38) and (39) have been 
used to calculate all decay constants and their regression coefficients. 
Neutron Activation 
All atoms have a probability to capture neutrons when colliding and thus increase the 
number of neutrons in the nucleus by one. Three things can happen then: the new 
nucleus may be stable and nothing further happens, an alpha panicle can be emitted 
just after the capture or the new nucleus can be unstable and subject to beta decay. 
Usually a gamma photon will be associated with the beta decay and this can be 
detected without interfering with the sample. In order to use neutron activation 
combined with gamma spectrometry as a tracer technique several conditions must be 
fulfilled. A tracer that is sensitive to neutrons and emits gamma radiation with a 
reasonable half life after activation must be found. The particles that the tracer is 
incorporated into and the material used for sampling must have a low content of 
activatable isotopes in order to ensure a low background when analysing the gamma 
spectrum. The tracer itself should be present in negligible amounts in the sampling 
environment and for this reason rare earth elements are appropriate tracers. 
The probability of capture is defined by the cross-section, o\ of the isotope and is 
measured in bams,(l barn = I02" m2). The flux, <P, is defined as the number of 
neutrons in a small sphere multiplied with their average speed, while the cross section 
is determined by the percentage of an area (hat will cause an absorbtion of a neutron. 
With these definitions the total number of captures. A, can be calculated by 
multiplying the flux by the cross section, the number of relevant atoms, N, and the 
exposure time, T: 
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A -<!>„,. a,„
 o /V „ wi.,T.i( Iimr (40) 
To avoid activation of isotopes that have gamma lines that will interfere with the 
gamma analysis of Ihe samples some elements should avoided, e.g. sodium, chloride 
and metals. All elements lighter than sodium have a low cross section for neutron 
capture and subsequent beta decay. Even if a neutron is captured the new isotopes are 
either stable or have a short half live, T„ < I s, meaning that if the sample rests for a 
few minutes after activation all radiation from these elements will have disappeared. 
Some of the low mass elements have a large cross section for neutron capture and 
subsequent alpha emission. This is an instant process and it has no influence on the 
gamma analysis after irradiation. So in order to maximize the sensitivity of the 
gamma analysis the samples should consist of a tracer and elements such as C, N, O. 
H, F, S, Si and P. The last three elements are activated, but have no gamma rays 
associated with their beta decay. This means that all organic substances with a low 
sodium content can be analyzed with low interference from unwanted activation 
products by this technique; especially paper, plastics (not PVC though, because of Ihe 
chlorine content), cotton, cellulose, hair, etc. 
During this study two isotopes have been used at Risø and their data is shown in 
Table 4.1. At the Imperial College Reactor Centre europium, Giess et al.(l994), has 
also been used to label silica particles. By labelling different silica particle sizes with 
different rare-car*hs it would be possible to make house experiments with several 
particle sizes per experiment and thus increase the amount of information gained per 
test. Such improvements are considered in future experimental work. 
From Table 4.1 it can be seen that for equal amounts of the elements irradiated with 
neutrons will result in an initially 50 % higher activity of the dominant gamma peak 
for dysprosium. Since dysprosium also has the longest half-life it will become more 
dominant with lime after inadiation. The dysprosium labelled particles contain 5 to 16 
mg of dysprosium per gram of silica particles and the indium particles contain 279 mg 
of tracer per gramme of particles This means that if the two tracers are to be used 
together the silica particle concentration should be at least ten times higher than Ihe 
indium panicle concentration, considering mass, so that the Compton tail of the many 
high energy indium peaks does not blur the low energy Dy-165 peak. 
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Table 4.1. Isotopes used as tracers. Data is from Table of Isotopes!1967) Activity in 
the fifth column is calculated for 100 ng of the element irradiated for 10 minutes in a 
thermal neutron flux of .17 x 10' Nm ~s '. These are the conditions used at anulysis by 
Risfl. The intensity of the peak is noted under the energy. This percentage hus been 
included in the activity calculation in the last column. There will also be a difference 
in detector efficiency for the two energies, but this has not been included as this 
difference depends on the detector system. The cross-section for dysprosium is the sum 
of the cross-section to Dy-165 and Dy-165ml. Dy-165ml has a half-live of 1.5 minutes 
before returning to ground state. Dy-165. As gamma counting starts 20 to 30 minutes 
after the neutron activation was finished the intermediate state has been assumed to 
have decayed. 
Name 
Indium 
Dysprosium 
Target 
isotope 
In-115 
Dy-164 
Natural abun-
dance of isotope 
96 
28 
Cross-section of 
target isotope 
| I O : W l 
151 barns 
to In-II6ml 
2800 bams 
to Dy-165 
Main gam-
ma peak 
[kev] 
1293 
80% 
95 
4% 
Activity of 
y-line 
[event/s) 
36000 
52300 
Half-
Life 
[mini 
54 
139.2 
Supra-Micron Particles 
The silica particles were labelled by shaking in a solution of dysprosium (using DyCI, 
or Dy(NO,), as compound). The porous surface of the particles gives them a large 
surface area for exchange of sodium in the silica particles with dysprosium. By 
heating the particles to 500°C, thus expanding the pores, and performing a second 
shaking with dysprosium chloride tracer content from 5 to 16 mg dysprosium per 
gram of particles can be achieved. As shown in Table 4.2 several different sizes of 
silica particles are available from the supplier. First column of the table states the size 
specified by the supplier. To verify the size of the particles, they have been sized by 
Miriam Byrne using a TSI Aerodynamic Particle Sizer, APS 33, at the Imperial 
College Reactor Centre. The APS is capable of particle size measurements in the 
range 0.5 to 30 um and has a size resolution of 0.18 urn. This sizing, the second 
column of Table 4.2, shows that especially the 'one' and 'ten' micron particles 
differed from the specified size. Hereafter the particles will be referred to by their 
actual size as measured by the APS. A size distribution of 3 micron particles 
measured with the APS are shown in Figure 4.1. 
To investigate whether if there is agreement between the mass distribution and the 
activity distribution a sizing of the particles using the Berner impactor at Risø have 
been tried. Unfortunately the Whatman 542 filter paper, which should be used when 
neutron activating the collectors surfaces after sampling, has a bad retention efficiency 
of the silica particles, Figure 3.1. Later impactor sizir.gs have been made with teflon 
foils as collector surfaces, but the activity size distribution still appeared to be bimodal 
and this emphasised the need for using additional adhesive coatings when sampling 
supra-micron particles and an investigation of suitable substances are under way. The 
impactor samples showed that the 4 urn particles had 70 % of the mass in a peak with 
a AMAD of 5.3 um and 30 % in a peak around 0.7 um. The 2 um particles had the 
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most mass in a peak with an AMAD of 2.6 um. The imp*.tor measurements thus 
agrees well with APS measurements when looking at the First peak, but due to the 
large number of particles that had bounced on to the lower stages th« APS 
measurements have been considered the most reliable and used to characterize the 
panicles. The impactor was used with success to size the sub micron panicles as 
shown in Figure 4.5. 
Volume (arbitrary unit) 
801 
60 
40 -
20 -
1 10 
Particle diameter tø/mJ 
Figure 4.1. Result of APS sizing of the 'five' micron particles. An APS measures the 
aerodynamic diameter of the particles and this size information should thus he 
comparable to measurements made with impactors after the Chernobyl accident. 
Figure was prepared from data provided by M. Byrne. 
Table 4.2. Review of silica partkies used in the house experiments. The APS diameter 
is the median volume aerodynamic diameter. The Geometric Standard Deviation. GSD, 
is for a log-normal fit to the distribution. 
Nominal 
size 
[urn] 
1 
3 
5 
10 
APS 
dia. 
(urn) 
2 
3 
4 
5.5 
APS 
GSD 
( ) 
1.48 
1.20 
1.07 
1.18 
Volume of 
one panicle 
I Mm' J 
8.18 
14.14 
33.51 
87.11 
Gram tracer per 
panicle 
(I0"g] 
40.9 
70.7 
167.6 
435.6 
Number of 
panicles for one 
100 
events s ' 
4670 
2701 
1140 
440 
Sub Micron Particles 
After the APS sizing had shown that the nominal I micrometer panicles are actually 
between 2 and 2.5 micrometer and the impactor experiments had shown that Be-7 had 
an AMAD that is closer to 0.7 um than to 1.0 pm, the need for a tracer panicle with 
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a diameter of one micron or less »as obvious, if mulls were to he compared »uh the 
Be-7 measurements. 
Attempts to incorporate rare-earth elements tracer* in submicron polystyrene latex 
particles at Imperial College failed due to the lack of a suitable organic compound. 
Instead nebuli/ation of a suspension of an indium-acetyl-acctonatc ponder in alcohol 
have been used successfully The resultine particles have been sized «ith an impactor 
during an experiment in ihe Jersie test house. Subsequent neutron activation showed 
Ihe particles to have an AMAD of 4S0 nm. which corresponds to a MM AD of 4XO±I0 
nm as the amount of tracer is proportional to the mass of the particle. The distribution 
of activity in the different stages can be seen in Figure 4.5 At Imperial College the 
indium particles have been sized using their Las-X panicle sizer. The geometric 
particle size was found to be 670 nm GMD with a GSD of 1.6. The Las-X measures 
the geometric diameter of individual panicles and the volume is calculated from a 
transformation of the number size distribution into a volume size distribution using an 
assumption of unit density spherical panicles, if Ihe measured panicles are not 
spherical or have a unit density an error will arise in calculation of the median voiunie 
diameter md the GMD and MMAD will not be comparable. As we know, from 
microscopy, that the indium panicles arc nut spherical and we have no knowledge on 
their density the two measurements agrees .satisfactorily. 
The nebulizer was used for three to five minutes before the tests and the tracer 
concentration obtain was from 2 to 4 ug m '. 
The original idea of using indium powder was to evaporate it and make panicles hy-
lde condensation method. Unfortunately the condensation generator at Imperial College 
operates at too high temperatures The indium compound was oxidized when healed 
and ihe method was not successful. Another problem was that the panicle 
condensation generator used was not mobile so panicles would have to be recollected 
and redispcrsed in the test room or chamber. 
At ihe Environmental Measurements laboratory. EML. in New York a simple 
system for condensation generation of panicles has been developed by Keng-Wu 
TiK I9H2). Figure 4.2. The system has been used for testing the feasibility of making 
condensation aerosols from indium-acetyl-acetooatc, IrKC,HT0;), The principle for 
generating condensation aerosols is that a substance is heated in order to emit vapours, 
usually from the liquid phase. By subsequent cooling the air is supersaturated and the 
vapours condense. If small condensation nuclei is present in the air the condensation 
will primarily occur to these and monodisperse panicles can be produced. 
The indium compound was put in the glass ampoule and pure nitrogen was blown 
over Ihe heated compound to prevent oxidation. In the set-up for producing 
monodisperse panicles condensation nuclei consisting of NaCI (5 to 10 nm in 
diameter) are produced by spraying a salt water solution into the nitrogen flow. This 
improves the monodispersity of the produced panicles as the condensation becomes 
more homogeneous. This was omitted during this experiment, since it was a test to sec 
if panicles containing indium could actually be produced from the compound in 
question. The nitrogen was blown into a test chamber and the size distribution in the 
chamber was measured with a differential mobility panicle sizer. DMPS, from TSI at 
S to 10 minutes intervals. The chamber was not air-tight and a background of aerosols 
from the room air was present in the chamber. The lower curve in the two figures. 
Figure 4.3 a & b. shows the background in the chamber measured, before the test 
began. The two other curves show the distribution one and three hours after heating of 
ihe indium compound began. The number distribution. Figure 4.3 a, shows a clear 
peak at 25 nm in both cases. A second peak can be seen around 120 nm, especially 
after 3 hours 
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Figure 4.2. A simple aerosol generation system. The figure is from Tu(1982) This set-
up has been used to test the feasibility of making condensation aerosols from the 
indium-acetyle-acetonate powder during the authors stay at the Environmental 
Measurements Laboratory in New York. The dilution chamber shown in the Figure 
was app. JO nr' and the sample probes were used to suck air out for samples that 
were analyzed later by neutron activation in the Risø research reactor. 
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Figure 4.3 a & b. Number and volume distribution of particles produced in the EML 
test Chamber 
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When performing the experiment it was assumed that the indium powder would 
melt; a literature study later showed that the melting point of 165 C . stated in 
available chemical handbooks) in the chemical description was actually the 
temperature where a sublimation from the indium compound started. In an attempt to 
get the compound to melt the temperature was increased to 300 C°. This high 
temperature probably prevented condensation in the tube around the glass ampoule and 
small particles of 25 nm in diameter was formed. However, the high number 
concentration in the chamber resulted in coagulation creating a volume peak around 
120 nm Air samples were made from the chamber and analyzed in the Risø research 
reactor. The Indium content in the air samples was 1.5 ugm' after three hours. 
Considering the small quantity of Indium powder used, this is a satisfactory level and 
it has demonstrated that this technique produces particles with a sufficiently high 
tracer concentration to be useful for experimental work. A commercial condensation 
generator from TOPAS in Dresden has been ordered and this method will be 
developed further. 
Refinement of the Experimental Technique 
During the development of the tracer technique some preliminary test were carried out 
in one of the staff houses at Risø. A 15 cm diameter Whatman 42 filter paper was 
used for making air samples using a vacuum cleaner as air pump. The used filter 
paper contained a significant amount of sodium which lead to the activation of Na-24 
when the samples were neutron activated. A high background level was created due to 
the compton tail of the Na-24 decay and a very poor counting statistics were obtained 
for the Dysprosium peak at 95 keV. These experiments showed a need for 
improvements to be introduced before the next experiments in Risø Huse 27. 
To improve the situation various filter papers were tested to find one with a low 
sodium content. By using a pump with more rigid characteristics a smaller filter paper 
could be used without reducing the volume of air sampled. Whatman 542 low ash 
hardpressed filter paper was chosen for the next experiments. This is a cellulose filter 
paper with a very low ash content, i.e. it is an almost pure organic filter and a tripod 
was mounted with two filter holders adjusted to carry 5.5 cm 0 filter paper. This 
enable one filter to be changed without interrupting the air flow through the other 
filter. Sample rates was from 20 to 25 /min with new Filter paper and the stronger 
pumps. 
The particles were released with a powder dispersion generator, RBG 1000, from 
Palas GmBh. This apparatus pushes the particles up through a cylinder with a slow 
moving piston and into a chamber with a fast rotating metal brush. From this chamber 
the particles is blown out through a nozzle in the top with pressured air. The emission 
time used range from 2 to 5 minutes depending on initial piston position and the 
chosen piston movement rate. At the end of the cylinder a fast rotating metal brush 
moved the particles up through a stream of pressured air and they were then dispersed 
from a nozzle at the top. In the disperser, the particles may pick up charges from the 
metal brush and the manufacture stated that some discharging might be necessary 
during dispersion. For this purpose a Kr-85 source in a glass ampoule was used in the 
first two houses. Kr-85 emits (J-particles with a maximum energy of 800 keV. These 
beta-particles ionise the air that the particles flow through when leaving the disperser 
and the increased ion concentration in the air reduces the time it takes for a Boltzman 
charge equilibrium to be established, thus discharging (he dispersed panicles. Cooper 
and Reist( 1973) showed that two condition should be fulfilled for this discharging to 
be efficient. (I) The ratio of the ion concentration to particle concentration should be 
considerably larger than the average number of elementary charges on the aerosol 
particles initially, (2) The residence time of each particle in the tube must be larger 
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than the time needed to reach a Boltzman charge equilibrium at the given ion 
concentration. 
Partcle cone, [cps/l] 
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Figure 4.4. Particle experiment in Lumsås, Denmark, without a discharger compared 
with results from RH27. The Lumsås experiment showed the need for a discharger. 
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Figure 4.5 Impactor sizing of the indium particles. A fit with a log-normal 
distribution using the NMSIMPLX program gave an AM AD of0.48 fim. 
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Some uncertainly remained as to whether the discharging was necessary, and an 
experiment w;is made without a discharger. As can be seen on Figure 4.4 the 
deposition is much higher without discharging and this experiment clearly showed the 
need for a discharger. A nickel. Ni-63. source were borrowed from the Technical 
University of Denmark and mounted in an aluminium tube. The source strength is 
1.48 x 10" Bq and the beta particles have a maximum kinetic energy of 70 keV. 
Cooper and Reist( 1973) gives empirical formulas for the efficiency of a discharger (or 
a series of different discharger geometries using information on source strength and 
energy. With 34 ev required per ion pair produced in air the specific ionization for a 
beta spectrum with E„m = 70 keV becomes 305 ion pairs/cm. This gave ;>.n 
equilibrium of 3.9xl()': ion pairs m '*. This distribution will bring an aerosol particle 
into a Boltzman charge equilibrium with a characteristic time of 0.07 s. 
The highest number concentration occurs when the 2.5 urn panicles are dispersed. 
Approximately I(K) mg or 10" particles arc emitted in two minutes with an airflow of 
20 J/min. This gives a particle concentration of 2.5x10" #/m' and an average 
residence time of 3.5 seconds in the discharger. Both ciiteria are thus fulfilled with the 
ion pair concentration exceeding the i article concentration by more than a factor of 
I (MM) and the average residence time exceeding the average recombination (i.e. the 
time to reach a Boltzman charge equilibrium) time by a factor of 50. 
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Figure 4.6. Aerosol discharger built with a 150 MBq Ni-63 source, Tv. = 92 year. Em„ 
= 70 keV, mounted in an aluminium tube. The tube has a diameter of 9 4 cm and a 
length of 16.5 cm. The effect of this discharger have been estimated from the 
formulas given by Cooper and Reist(l978) 
Summary of Experimental Technique 
• Particles labelled with rare-earth elements is released in the test room. 
• SFn tracer gas is released in the test room with all doors and windows closed. 
• After the release 10 to 12 air samples are made each of 10 minutes duration. Each 
filler paper is handle with a forceps and sealed in separate bags right after use. The 
volume of air sucked through each filter is measured with a gas meter. 
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• The decay of the SFh tracer gas is monitored using gas chromatography. After the 
test the air exchange rate is worked out by a linear regression of the logarithm of 
the tracer concentration and the measurement time. 
• The air samples are neutron activated and the cps content in each Filter is 
determined by gamma spectrometry. The cps per volume of air is found by dividing 
with volume of air in the individual samples and the decay constant is found by 
linear regression. 
• The deposition constant is found by subtracting the air exchange rate from the 
decay constant. The average deposition velocity is found by multiplying the 
deposition constant with the volume to surface ratio of the room 
4.2 Experiments in Risø House 27 
At the end of November 1989 a series of four experiments was performed in Riso 
Huse 27. RH27 The results of these experiments have been reported by Roed et 
al.(l99l) This is a house for Risø staff members and it was available for experiments 
for a few months in the Autumn of 1989. It is a typical Danish house built in the 
1960s in double brick construction and a low air-exchange rate All tests were made in 
the 98.8 m' living room with closed doors. The new filter papers and the new pumps 
were used A series of 10 to 12 consecutive filter samples of 10 to 15 minutes 
duration was taken in the middle of the room. During the entire test small fans were 
running to make sure that the air was homogenously mixed. The samples were 
analyzed with a 21.3% Ge(Li) gamma detector after activation in Risøs research 
reactor. Two experiments were performed with 2 micron particles and 2 with 4 micron 
particles. Results are shown in Table 4.3. For each panicle size an experiment was 
performed with and without furniture in the house 
Table 4.3. Result of experiments in RH27 The deposition constant has been found by 
subtracting the air exchange from the decay constant From Roed et a\.{\99\). 
APS size 
fum| 
2.5 
4 
2.5 
4 
Ih'1] 
0.84 
1.33 
0.95 
2.10 
r 
0.9992 
0.9997 
0.9995 
0.9997 
K 
[h'l 
0.097 
0.007 
0.028 
0.052 
[ l O W j 
1.5 
2.4 
1.7 
3.8 
Furni-
ture 
no 
no 
yes 
yes 
In the first calculation of the average deposition velocity the ceiling was omitted 
from the room surface area as the deposition here was believed to be negligible. When 
results at Risø and Imperial College, see chapter 5, showed that the deposition to the 
ceiling was similar to the deposition on the walls, the average deposition velocity was 
recalculated including the ceiling area. For all the four houses the deposition velocity, 
vd, has been calculated using the geometric surface, 5, to volume, V, ratio. That is, no 
contribution from the surface of furniture, etc. has been included in the surface area of 
the furnished rooms. Such measurements would be difficult to make in an objective 
and reproducible way. 
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(41) 
The deposition constant, Xw, is found by subtracting the air exchange rate, X,, from the 
decay constant, X,. The average deposition velocity is found by multiplication with the 
volume to surface ratio, V/5, as shown in equation (41). The calculation of a v, makes 
it possible to compare the results from different houses. For instance, the average 
ceiling height in Risø Huse 27 was half a meter higher than in the other test houses 
and this will give a different deposition constant, but the average \'j should be similar 
to that found in other houses. Further-more the average v,, can be used to estimate 
deposition constants in rooms with different S/V ratios than those used for the 
experiments. 
The results of these experiments in shown in Table 4.3. The linear decay curves that 
can be seen in Figure 4.7 implied that the particles were sufficiently monodisperse for 
the purpose. With too broad a size distribution it can be expected that the difference in 
deposition velocity, r(/. would produce a decay curve with a decline in the decay rate 
with time as the particles with the lowest deposition velocity would become more and 
more dominating. The experiments showed an increased deposition in furnished rooms 
as could be expected and seen in experiments with Be-7, Roed et al. (1985). The four 
micron particles decayed faster than the two micron particles, as expected for particles 
larger than I pm for which gravity is the dominating loss force. 
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Figure 4.7. Decay curves from the experiments in RH27 The decay curves were 
steeper for the larger particles and when furniture was present in the room. This 
deposition pattern together with the straight decay curves implied that the 
experimental technique used produced reliable and usefull results. From Roed et 
al.(199l). 
4.3 Experiments at the Building Research 
Establishment, UK. 
A repetition of the RH27 experiments was carried out in the UK from 4th to 19th of 
November 1991. Christian Lange went from Risø by car to Watford to participate in 
the experiments and brought the equipment used in RH27 along. In Watford, the 
Building Research Establishment, BRE, had lent a research house to Imperial College. 
IU : 
A rt« I i L_ 
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The house » ^ the middle one of three small two storey row-houses. The living-room 
was used for all except the last experiment, which took place in an upstairs bedroom. 
It was considered to be a house of average British standard. The air exchange fuie »ai 
high and as it got windier the door and windows was closed and had to be sealed with 
scotch-tape to keep the air exchange rate below one change per hour During the three 
weeks 18 tests were performed with two particle sizes. Experiments were performed 
with furniture and without furniture in the room. Some tests were made with big fans 
running to increase the turbulence and others with vacuum cleaners running. In one 
test enhanced human activity was tried, i.e. running and jumping in the room during 
the test. 
The SF,, equipment was set-up with 5 sampling locations and a switch box and 
tested twice before starting the particle tests. The switch box contained a pump that 
kept a flow through all 5 sampling lines. One line could be chosen as the intet for the 
SFA detector and by using a short connection line between the switch box and the 
detector the continous flow on all lines facilitated faster switching between different 
sampling locations. The five sampling inlets were placed in the centre of the room, at 
the ceiling, in two comers and in the hall The measuring apparatus was a laser gas 
chromatograph. To allow new air to enter the detector and to give the detector system 
time to stabilize 30-second intervals were maintained between measurements at (he 
different sampling locations. The results as shown in Figure 4.8 confirmed that within 
two or three minutes after the release of the SF,, the concentration had stabilized at all 
sampling locations in the room and that the decay cut ves were then identical for each 
location, though the absolute concentration level did vary a few percent from comer to 
corner. When fitted with exponential decay curves, as given by equations (38) and 
(39), all SF,, measurements during the tests in BRE and the later tests have been linear 
with a regression factor better than 0.999. The mixing was tested at four points during 
the next 18 tests and it followed the same pattern in all tests. This mixing supported 
our belief that we would have a good particle mixing a few minutes after release. So 
in the basic tests the small mixing fans were switched off after the release of particles 
and before the beginning of the air sampling. 
Three anemometers from Dantec A/S were used for monitoring air movement, 
turbulence intensity and room temperature during the tests. The anemometers 
contained low velocity transducers, type 54RIO, which uses thermal ancmotry and arc 
designed specially for indoor use. The anemometers had not been calibrated recently 
and a consistent difference of 35 % between the highest and lowest reading was found 
when making an intercomparison of the anemometers Readings during the tests 
ranged from 0.05 to 0.12 ms' for the air movement and 10 to 20 % for the turbulence 
intensity. These values increased to 0.20-0.25 m/s and 20-25 % in tests where large 
mixing fans were used. Melikov(1988) reported turbulence intensities of 20 % for 
unventilated rooms and around 30 % in ventilated rooms. The BRE values were lower 
than these and that may have been due to insufficient cleaning of the probes which 
would lead to a decreased sensitivity, which especially lowers the turbulence 
measurements. 
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Figure 4.8. Air-exchange measurements in the BRE lest house using multipoint 
sampling. The SF^ was actually measured at 15 second intervals in these 
measurements and nut simultaneously as shown. The first reading after one minute 
shows that the tracer gas still was not homogeneously mixed hut already after two 
minutes this is the case. Hereafter the level is were constant throughout the room 
during the rest of the test though the rate of decline seems to vary. 
Meteorological situation was monitored through the regular surveillance programme 
at BRE. Wind speed and direction, sun hours and temperature were monitored. The 
only use of this data sofar is to note that an increased air-exchange rate was correlated 
with an increased outdoor wind speed, as expected. 
After the first four tests a trip to The Imperial College Reactor Centre was made to 
analyze the samples from the first tests. Some problems arose due to the lack of 
routine and equipment for fixing the samples in an uniform way above the detector. 
Decay curves were obtained for tests I.I, 1.3. and 1.4 with correlation factors from 
0.91 to 0.98 (see Table 4.4, UK results). After this first try fixed geometries were 
made both at Risø and Imperial College for gamma spectrometry analysis of the 
Whatman 542 filter papers. The samples from test 1.5 were analyzed at both Imperial 
College and at Risø with improved results, and a correlation coefficient of 0.9985 and 
0.9990, respectively were obtained, see Figure 4.9. The slightly better correlation for 
the Risø analysis results are attributed to the higher neutron flux of the Risø research 
reactor, which produces a higher level of activated tracer and thereby a better counting 
statistics. It is interesting to note that even with the good correlation coefficients for 
the liniar regression analysis of the activation results of test 1.5 in the UK and 
Denmark there is a 7 % difference between the Imperial College and the Risø decay 
constant even though the counting uncertainly was belter than 0.3 % for all samples 
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measured at Risø. Byrne(l994) used a weighted non-linear regression model and 
obtained estimates of the error term based on the standard deviation of the individual 
data points. She found a 2 % standard deviation for a!! the decay constants obtained 
from the Risø activation results and 8 to 10 % for results from the imperial college 
reactor. The difference for test 1.5 between the Risø and Imperial College results were 
thus within the standard deviation. Also, tests 1.1, 1.3 and 1.4 were re-analyzed at 
Risø (see Table 4.4, DK results) and here the improved correlation coefficient was 
expected due to the improved control of the gamma ray counting geometry and the 
higher neutron flux. 
100 
Arbitrary concentration unit 
20 40 60 80 100 
Time [minuts] 
120 140 
Irradiated in OK Irradiated in UK 
Figure 4.9 The results of activation oftest BRE 1.5 in UK and Denmark Despite the 
very good correlation coefficients, above 0999, there is a difference of7% between 
the decay constants derived from the slope of the curves. 
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Table 4.4. Review of experiments in BRE. Tests 2.7 to 2.18 was performed hy Miriam 
Byrne and only analyzed at Imperial College, r gives the correlation coefficient for the 
linear regression determining \ 
Name 
I.IUK 
I.IDK 
I.2DK 
1.3UK 
I.3DK 
I.4UK 
I.4DK 
I.5UK 
I.5DK 
2.7UK 
2.1 IUK 
2.I7UK 
Size 
|um] 
4 
4 
4 
4 
4 
2 
2 
2 
2 
4 
2 
4 
Ih' l 
1.46 
2.32 
2.98 
2.49 
3.27 
1.38 
1.52 
1.28 
1.20 
1.77 
111 
1.57 
X 
Ih'l 
0.41 
0.41 
0.98 
0.40 
0.40 
0.40 
0.40 
0.25 
0.25 
0.27 
0.33 
0.20 
llO-4ms^]J 
1.42 
2.59 
2.63 
2.83 
3.89 
1.33 
1.52 
1.40 
1.29 
2.03 
0.95 
1.86 
r 
[ 1 
0.91 
0.992 
0.990 
0.98 
0.994 
0.977 
0.995 
0.9985 
0.9990 
7 
? 
7 
Notes 
furnished 
furnished 
When analyMng the next tests little or no dysprosium was found in the samples and 
examination of the particle disperser showed that it suffered from mechanical failure. 
The 13 experiments planned and carried during the experiment at BRE was later 
repeated and results are reported by Byrne(l994). These experiments included tests 
with high fan speeds, human activity and operation of a vacuum cleaner. Results of 
these tests are included in Table 4.4 for the data that has been included in the review 
of the average deposition velocities (tests 2.7, 2.11 and 2.17). For most of the other 
test it was concluded that the activities had been disturbing the air concentration decay 
so much that the obtained results could not be considered reliable. 
4.4 Experiments in Ferslev 
In the late spring of 1993 a new house became available in the villages of Ferslev 50 
kilometres west of Copenhagen. Apparatus for producing sub-micron particles labelled 
with indium was used for the first time in a test house. New 3 and 5.5 micron silica 
particles labelled with dysprosium were also introduced in the tests. Now 5 
monodisperse particle batches were available: 0.5, 2, 3, 4, and 5,5 um. 
The test house was an old bam, which had been converted to a residential house in 
the 1970s. The 30 m2 living room was used for the experiments and internal doors 
was kept closed during the experiments. The room had a low air-exchange rate: 
between 0.03 to 0.12 h1 in the 13 tests. Weather conditions were monitored with a 
mobile meteorological measurement station borrowed from the meteorological 
department at Risø. The weather was mild and sunny and with light winds during the 
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two weeks of experimental work. As a result no heating was on during the 
experiments 
Air speeds and turbulence were measured in the room using new Dantec A/S low 
velocity transducers calibrated in a wind tunnel at Dantec A/S. Measurements were 
made in the centre of the room and at two walls 1.2 meters above the floor. One of 
the 'wall' anemometers were placed in front of a large (4 m:) panorama window. Air 
speeds ranged from 0.05 to 0.1 ms' with turbulence intensities from 20 to 30 9c. 
When the sun shone through the window, the air speed increased to 0.24 ms' at the 
window probe and to 0.10 to 0.18 ms' at the other probes Turbulence intensity 
remained unchange at around 25 %. 
Relative humidity ranged from 32 % to 49 % The relative humidity raised a few 
percent from the beginning to the end of each test probably due to the presence of the 
personal operating the equipment. 
The three new particle sizes had average deposition velocities which agreed well 
with earlier results. The deposition velocity, \-a, of the submicron particles was half 
that found for the 2 um particles. The 3 um particles had a vd between the values 
found for 2 and 4 um particles. The 5.5 um particles had the highest v, measured so 
far, but not as high as could be expected if the increase were to be proportional to the 
square of the particle diameter (as is the case for the settling velocity). 
Table 4.5 Decay constants and derived deposition velocities in Fcrslev. The particle 
sizes are measured with APS. Las-x and a Berner impactor. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I I 
12 
13 
Size 
|uml 
2 
3 
5.5 
4 
0.5 
3 
5.5 
0.5 
5.5 
3 
4 
0.5 
2 
[h ' l 
0.583 
0.71 
1.856 
1.198 
0.451 
1.052 
1.821 
0.308 
2.002 
1.327 
1.996 
0.41 
0.47 
X, 
[h ' l 
0.052 
0.113 
0.122 
0.077 
0.050 
0.067 
0.046 
0.046 
0.128 
0.028 
0.077 
0.077 
0.025 
l
'.< 
nowi 
0.917 
1.036 
2.995 
1.937 
0.693 
1.700 
3.07 
0.531 
3.24 
2.25 
3.315 
0.575 
0.726 
r 
r i 
0.79 
0.97 
0.98 
0.93 
0.94 
0.99 
0.97 
0.84 
0.97 
0.98 
0.995 
0.92 
0.97 
Furniture 
yes/no 
no 
no 
no 
no 
no 
no 
no 
no 
yes 
yes 
yes 
yes 
yes 
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Figure 4.10. Decay curves from the house experiments in Ferslev for the three new 
particle sizes. The average deposition velocities derived for these particles agreed with 
results obtained for the first two particles hatches. The 0.5 micron particle had a 
slower decay than the heavier IKJItitles and with 5.5 micron particles having the 
largest decay of all. It can he seen on the Figure that the decay lines are not as 
straight as in the earlier tests, due to problems with the filter holders. The decay 
constant of the 5.5 fim particles seems to change with time. 
4.5 Experiments in Jersie 
In March 1994, a fourth series of measurements took place in an old house in the 
village of Jersie. The house was built in 1900 and is of double brick construction. Not 
many insulatory improvements have been made to reduce heat losses in this house and 
(he air exchange rale was between 0.7 and I.I h' during the seven tests performed. 
The living-room used for the experiments measured 4 by 8 meters. The house was 
inhabited during the experiments and for this reason only experiments with furnished 
rooms were carried out. The furnishing of (his house was (he most realistic since all 
(he other test houses have been furnished for (he tests and not by people intending to 
live there. The only experimental condition (hat was varied from test to test was that 
(he small mixing fans were (umed off during some of (he (ests to see if a influence of 
(he change flow pattern could be seen in the deposition constants. 
A large number samples were collected during the seven tests in Jersie. In addition 
to the air samples, samples from walls, ceiling, and floor were made to determine 
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deposition velocities for specific surface orientations. Other samples were made from 
cotton cloth, hair and skin wipes to determined the deposition to humans In total, 
more than 3'X) samples were made The specific deposition results arc presented in the 
next chapter. 
No monitoring of the outdoor meteorological situation and the relative humidity 
indoors was made during these experiment. In general it was cold 0 to 5 "C (snow-
covered ground the first week), windy and cloudy during the two weeks. For this 
reason the central heating was on during all experiments The heating consisted of two 
radiators. 3 m long and 0.5 m high, with circulating hot water 
During five of the seven tests, both indium particle nebulizalion and silica panicle 
dispersion were used to increase the information obtain from each test. 80 to 100 mg 
of silica particles were released together with 3 minutes of nebulization from a 
suspension of 100 mg Indium-AcetyI-Acetonate in 15 ml of alcohol. The 3 um 
panicles were not used in these tests since they were found to be very similar to the 2 
and 4 pm particles in the Ferslev tests. The 5.5 um and some new nominal 20 um 
panicles were lat lied at Risø. Unfortunately, only a weak solution of DyCI, was 
available and in the two tests where indium was nebulized together with these silica 
panicles the 95 keV signal from dysprosium was lost due to the Compton tail of the 
In-116m and Na-24 higher energy gamma lines 
Figure 4 11 Decay curves for Indium particles in the Jersie lest nuse. 
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Time [minutes] 
Figure 4 12 Decay curves for the Silica particles in the Jersie test house 
I - 4 micron 
—r — 
2B - 2 micron 
3B - 2 micron 
4 - 5.5 micron 
6B - 4 micron 
Table 4.6 Anemometer readings during the experiment in Jersie. A was in the centre 
of the room 15 meters above the floor. B was 20 cm from the north wall IS meters 
above the floor over a hot water radiator which came on periodically during the 
experiments. C was placed in the middle of the south wall 20 cm from the wall and 
l.ff meters above the floor. 
Test 
M i ! 
2 
3 
4 
5 
6 
7 
Fans 
1 °° 1 
on 
off 
off 
on 
on 
on 
A 
Velocity 
|ms'| 
0.355 
0.173 
0.066 
0.074 
0.178 
0.199 
0.222 
A 
Turbulence 
1*1 
44.9 
26.3 
37.1 
43.1 
21.2 
18.5 
27.2 
B 
Velocity 
[ms'l 
0.183 
0.162 
0.090 
0.155 
0.143 
0.188 
0.126 
B 
Turbulence 
1*1 
31.2 
30.7 
38.0 
38.0 
38.0 
39.9 
35.4 
C 
Velocity 
1ms'| 
0.197 
0.341 
0.058 
0.094 
0.114 
0.094 
0.176 
c 
Turbulence 
1*1 
29.3 
37.8 
53.4 
41.3 
32.1 
43.8 
35.9 
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A PMS model CSASP-200 light scattering aerosol sizer with l-D Probe Adaptor 
Module PMS I058B installed in a Toshiba PC/AT was used for monitoring the 
ambient aerosols in the test room. Size distribution data from all days with 
experiments was saved on the hard disk with 60 second intervals. This monitoring 
showed that the background aerosol level was so high, that the release of the tracer 
particles only increased the total number concentration by a few percent. 
A 10-stage Berner impactor loaded with collector paper cut from Whatman 542 
filters was operated during three tests. The impactor was operated in the exact same 
period as the air samplers to permit direct comparisons of the total amounts collected. 
The size distribution found for the indium particles is shown in Figure 4.5. 
The three anemometers used in Ferslev were also used in these experiments in 
Jersie. During the six days with experiments the average air speed and turbulence 
intensity were calculated every 30 minutes through out thel day. The values found 
during the tests are shown in Table 4.6, and Figure 4.13 shows the values during the 
day when tests 2 and 3 were performed. The influence of the small air fans for mixing 
can be seen on the Figure. It is interesting to note that the deposition was app. 50 % 
higher both for the 0.5 and 2 urn particles used in these tests, when the mixing fans 
were on. fn general, the air speeds and the turbulence intensities were higher in the 
Jersie test room than in the F-erslev test room. This is what would be expected due to 
the higher air-exchange rate and to the convective air currents created by the central 
heating. 
The decay curves for the 12 tests are shown in Figures 4.11 and 4.12. The 
correlation coefficients were around 0.99 for all decay constants. This was an 
improvement compared to the Ferslev tests and is attributed to the new Tilter holders 
used in the Jersie tests. The derived deposition velocities, Table 4.7, were in good 
agreement with earlier measurements except for the 5.5 um particles, which had a 
lower \\, than the 4 micron particles and the value found in Ferslev. As mentioned 
previously, the tracer content of the 5.5 um particles was low and the tracer 
concentration in the room air may have been influenced by resuspended particles from 
previous experiments with a higher tracer content. The 4 um particles had the lowest 
correlation coefficients, 0.977 and 0.98, and from the decay curves it appears that the 
decay constant changes with time for these particles. 
One explanation for this phenomena could be build-up of panicle concentration in 
adjecent rooms and a subsequent lowering of the loss rate due to ventilation. If this 
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Figure 4.13 Air speed and turbulence measurements during Jersie tests 2 & 3. During 
the morning test the mixing fans were on. They were turned off after the particle 
dispersion during the afternoon test. 
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was the case a similar two component structure shouid also be seen for the SFft 
measurements during the test. As can be seen in Figure 4.13 the decay curve for the 
SFft concentration were perfectly straight during both experiments with 4 um particles 
in Jersie and effect of internal build up of particles can be safely neglectedted. 
Another mechanisme that have been seen to give this two-component decay structure 
is insufficient decharging. The (J-particles emitted from the Ni-63 source have a 
maximum energy of 93 keV giving them a very short range in solid matter (app. 100 
um). Although the discharger were cleaned after each test the sources itself was not 
cleaned and a thin layer of particles may have been present lowering the range of the 
|J-rays and thus making the discharging insufficient at some distance from the source. 
Arbi t rary concentration unit 
0 20 40 60 80 100 
Time [min] 
* RH27 : 4 urn + Jer 6: 4 urn * Fer 11: 4 urn 
a
 Jer 6: 0.5 pm * SF6 for Jer6 test 
Figure 4.14. Decay curves for 4 fim silica particles in three test houses. This figure 
shows the similar deposition the 4 /im particles in three different test houses, but the 
Jersie curve has a bimodal decay curve. Maybe the decharging has become 
insufficient due to deposition on the Ni-63 source? The aluminium lube was cleaned 
between experiments, but the source itself was not cleaned. Another explanation might 
be that resuspended particles (maybe of particles from previous tests) was created 
during test by the peoble in the room. 
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Table 4.7. Results from the experiments in Jersie. 
Test 
1 
2A 
2B 
3A 
3B 
4 
5A 
5B 
6A 
6B 
7A 
7B 
Size 
(pm] 
4.0 
2.0 
0.5 
2.0 
0.5 
5.5 
5.5 
0.5 
4.0 
0.5 
20 
0.5 
Ih"'] 
3.0000 
2.2747 
1.7023 
1.5538 
1.2078 
2.0063 
, 
1.3140 
2.7837 
1.4268 
_ 
1.6059 
r(K) 
\ ) 
0.9808 
0.9892 
0.9993 
0.9995 
0.9945 
0.9867 
_ 
0.9995 
0.9773 
0.9994 
-
0.9962 
I h - J 
1.1280 
1.0638 
1.0638 
0.7553 
0.7553 
1.0980 
0.9490 
0.9490 
0.9005 
0.9005 
1.1073 
1.1073 
I ) 
0.9998 
0.9999 
0.9999 
0.9972 
0.9972 
0.9999 
0.9996 
0.9996 
0.9988 
0.9988 
0.9998 
0.9998 
K 
I n 1 ) 
1.8720 
1.2109 
0.6385 
0.7985 
0.4525 
0.9083 
-
0.3650 
1.8832 
0.5263 
. 
0.4986 
[ IOW'I 
3.266 
2.113 
1.114 
1.393 
0.789 
1.585 
. 
0.637 
3.286 
0.918 
.. 
0.870 
Fans 
on/off 
on 
on 
on 
off 
off 
off 
on 
on 
on 
on 
on 
on 
4.6 Review of House Experiments 
Deposition has been studied in five test rooms in four different houses. The houses 
differred widely in building standards. Two of the houses. RII27 and Ferslev. were 
tight constructions with a low air-exchange. The two other houses, BRE and Jersie. 
were leaky constructions with high air-exchange rates, as can be seen in Table 4.8. 
The surface to volume ratio, S/V. varied from 1.46 to 2.05 m' for the 4 test rooms 
included in the summary. The number of people in the test room varied from 4 people 
in one experiment in the 32.1 m* BRE test room to one man making a test in the large 
98.8 m' RH27 test room. The degree of furnishing was also different in the four 
houses. The BRE test room was rather crowded (with equipment, scientists, and a 
shelve nailed to the wall) already when the unfurnished tests were made, whereas the 
Fcrslcv test room only became sparsely furnished when doing the "furnished" tests. In 
general the furniture consisted of a sofa, sofa table, dining table with chairs, curtains, 
shelves, smaller tables and cupboards, whereas smaller artifacts such as pictures, 
books, pieces of art or souvenirs was missing. Such smaller objects might increase 
the internal surface area significantly, but it is difficult to quantify the amount of such 
artifacts that is present in an average home. 
Despite the differences between the test conditions in the various houses, the results 
arc in good agreement. Table 4.9 shows the average results for furnished and 
unfurnished rooms. As tests only were made with furniture in the room during the 
Jcrsic experiment there is actually only "unfurnished' results from three houses. In all 
experiments, the deposition velocity was highest in the furnished houses. In Table 4.9 
the deposition can also be seen to increase with particle size as predicted by 
deposition theory for supra-micron particles, but the actual deposition velocities 
exceeds those predicted by the theories that only includes gravitonal settling(e.g. 
Corner and Pendlcbury (1951)) by a factor 2 to 5 as can be seen in Figure 4.15 a & b. 
When the results were compared with the measurements of indoor deposition 
presented in Roed & Cannell(l987): Table 2 good agreement was observed. For Be-7 
which is associated with particles in the size range of 0.5 to 1.0 urn (see Chapter 3) 
they found a deposition velocity of 0.71x104 m/s as an average deposition velocity in 
the house. The indium particles had a AMAD of 0.5 to 0.7 urn, which is close to that 
ofBc-7, and the deposition velocity has been found to be 0.6lxI04 ms ' for 
unfurnished rooms and 0.82xl04 ms ' for a furnished room in average. Roed and 
Cannell found a vi# of 3.1 to 3.9xl04 ms' for Ce-144. This corresponds to the r, of 4 
or 5.5 uni particles in Table 4.9 and this would be reasonable size for cerium as it 
belongs to refractory group of release products as described in Rulik et al.( 1987). 
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Table IX Review of the te*t homes Three Danish and one British house have been 
used for the experiments Two leaky house and two tight house. 
House 
RH27 
BRE 
Fers lev 
Jersie 
Volume. V 
[m'l 
98.8 
32.1 
74.0 
77.5 
Surface. S 
[m-I 
145.2 
65.8 
121.5 
123.4 
SIV 
[ m ' l 
1.47 
2.05 
1.64 
1.59 
[h'l 
0 .03-0.10 
0.25 - 0.98 
0.05-0.13 
0.7 1.1 
Table 4.9 Measurements of indoor Deposition Velocities in foui houses The first two 
columns show size and geometric standard deviation, GSD, of the lest aerosol The 
last two columns gives the average deposition to all surfaces measured in three 
different test houses The numbers in the parentheses give the numbci of tests for each 
condition. 
Size 
(urn.) 
0.5 
2 
3 
4 
5.5 
GSD 
1 1 
1.60 
1.48 
1.20 
1.07 
1.18 
Avg. v,, 
Unfurnished 
i lO'ms ' l 
0.6110.08(2) 
1.13±O.I6(5) 
l.33±0.37(2) 
2.4210.17(5> 
3.03±0.04(2) 
Avg. v, 
Furnished 
[ I 0 W | 
0.8210.08(6) 
l.36±0.(5) 
2.2510.00(1) 
3.1110.(5) 
3.2410.00(1) 
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Figure 4.15 a <& h. Average deposition velocities in unfurnished und furnished rooms. 
Review of results from the four tesr houses. The solid curves calculated from (he 
formulas of Corner and Pendlehwy(!95l) with a Ke value of / s '. 
5 Deposition to Surfaces 
During the house experiments in Watford at BRE in 1991 the idea occurred that the 
sensitivity of the sample analysis permitted that other samples than air filters could he 
made. Some samples were taken to estimate the feasibility of this idea. A few filter 
papers were attached to the walls, wipes were made from different surfaces and pieces 
of cotton cloth were sampled after a test. No results from these preliminary tests are 
presented here, hut these test showed that measurements of deposition to small 
surfaces, e.g. 10 cm1, could he made with good accuracy. 
This finding initiated a series of aerosol deposition studies, aimed at measuring the 
specific deposition velocities to various indoor surfaces. The average deposition 
velocity calculated from the decay rate of the tracer aerosol could then be compared 
with deposition velocities to individual surfaces. In the next house experiments this 
technique was used to measure deposition to specific surfaces as function of surface 
orientation. First in Ferslev and later in Jersie filter papers were attached to walls, 
floor and ceiling during the tests. The aim of these measurements was to establish a 
mass balance or in other words to determine how much of the aerosol becomes 
attached to individual surfaces in the room. This would enable a surface by surface 
comparison with current deposition models. 
Jones(l990) brought to attention the fact that deposition to skin may he a pathway 
that would cause significant non-stochastic effects in the aftermath a nuclear accident 
hut he lacked information on skin deposition velocities to decide if this was the case. 
It was proposed to use the tracer technique developed at Imperial College and Risø to 
make measurements of skin deposition and the second section of this chapter describes 
the results obtained. 
Hair and clothing are other surfaces which we 'carry' close to the body and toxics 
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Jcpi'iilCil here nu^lit nm\r diinuivc b\ e\ternul ruJuttton lin the mse of nulunutive 
materials) or hv subsequent transport to the skin and absoibtum h\ the IHHIX 
Depositum to these suifiii es vvu.v also been tnvestixdleii in this sttnh 
5.1 Deposition to Indoor Surfaces 
When assessing the feasibility of measuring deposition to a lOcnv area there are two 
limiting factors: the amount of tracer material must be above the lower limit of 
detection and the number of particles deposited on the area must be large enough for 
that stochastic processes to be negligible. If there is uniform deposition of a fixed 
number of particles to a given area the number particles in subsets of this area will 
follow a poisson distribution. This, for example, means that if for instance KXK) 
particles are expected to be deposited on a given surface then the standard deviation 
will be ^I(XX). i.e. 33 particles or 3.3 <*. This uncertainty must be added to the 
counting uncertainly of the gamma spectrometry measurements. 
A Test Chamber Experiment 
A test chamber was const., ted in a basement at Risø. The far end of a cellar room 
was shielded with a plywood wall on a wooden frame All apparatus was placed 
outside the chamber on shelves on the plywood wall Openings/fittings were been 
made for aerosol injection, air sampling, data cables and power cables The chamber 
was rectangular with a volume of 18 in1 box with all surfaces painted in standard mat 
wall painting. The only equipment inside the chamber are four fans the fan speed was 
controlled remotely with a variable transformer 
W2 W3 W4 WS W6 W7 W8 W9W10W11W12 Avg oW 
Sample 
Ceiling 
KB3 Avg oin«r ~»llj 
S 3 FtoO' 
Figure 5 1 Vertical deposition pattern in still air fo> 4 pm particles in the Risø 
aerosol test chamber 
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In one experiment, the vertical deposition pattern on the west wall was studied. No 
fans were used in this experiment so air motion would be governed by slow 
connective motions. Deposition along a surface should be uniform when there arc no 
significant variations in the flow patterns along the surface. So in this experiment the 
mass deposited on each filter paper along a surface should be similar. 
In this experiment twelve collectors were attached along the centre line with 20 cm 
intervals fiom top to bottom. 5.5 cm diameter Whatman 542 filter papers were used as 
collector surfaces. The collectors were attached to the wall with double sided scotch 
tape. A load of 4 micron dysprosium labelled silica panicles were released with the 
Palas particle disperser one hour after the door was closed, ie. amble time was allowed 
for the air inthe room to stabilize. The chamber was left until next morning when the 
Filter papers were removed. With a typical decay constant of 1-2 h ' for 4 micron 
panicles this time interval should have been suffucient for essentially total deposition 
of the particles. 
The results of this experiment showed that the technique gives stable results. The 
standard deviation on the mean deposition was close to that expected to occur due to 
the stochastic nature of the gamma analysis procedure and the deposition process. In 
other words:, if the assumption that deposition to the sampling surfaces in still air is 
uniform, we would expect to get a result like this. Similarly, if the standard deviation 
of the mean of the measured deposition on a scries of collectors exceeds what is 
expected then this would indicate non-unifonn deposition to the surface From Figure 
5.1 it appears that the deposition was greater for w2 to w6. which were close to the 
ceiling, than for w7 to wl2. The standard deviation within each of these two subsets 
actually corresponds closely lo what can be expected from the uncertainty of the 
measurement technique. 
Table 5 I Result of lest chamber experiment studung deposition pattern on a wall. 
The standard deviations SD, of the average deposition to the collectors were app. 
twice the SD . -, the analysis of each filler The amount of tracer on each filter 
corresponds to approximately 2000 particles, i.e. the additional uncertainty is about 
2 2r/r 
Surface 
West wall 
West wall w2-wo 
West wall w7-wl2 
Other walls 
Floor 
Ceiling 
Mean 
(cps! 
4.71 
5.41 
4.13 
4.15 
11.11 
5.49 
SD on mean 
[cps| 
0.95 
0.79 
0.64 
0.66 
_ 
-
Av. SD on counts 
fcpsl 
0.45 
_ 
. 
0.34 
. 
-
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Deposition Velocities Measured to Individual Surface«- in the Ferslev Test House 
After the preliminary experiments in BRIL had shown that the developed particle 
technique was suitable for measuring deposition velocities to relatively small areas a 
regular sample program was introduced in he Ferslev test house. During the tests two 
collectors were attached to each surface in the room, i.e the floor, the four walls and 
the ceiling In total twelve collector paper samples were produced in each of the 
thirteen tests. As before the collectors were Whatman no. 542 5.5 cm diameter filter 
papers. This filter paper is hard pressed and has a plane and not to rough surface and 
was regarded to have a surface roughness similar to (unpamted) wallpaper. The filter 
papers were attached with double-sided adhesive tape at marked points on the various 
surfaces. The filter papers were placed in position immediately before the particles 
were dispersed and placed in separate bags immediately following the end of the air 
sampling. The collectors »ere always handled with forceps in order to avoid the 
generation of extraneous gamma activity from the neutron activation process.. To limit 
the number of samples for the irradiation and the gamma counting the two filter 
papers from each surface were both placed in the same bag They were then irradiated 
and analyzed as a pair Typical counting times were 10 minutes to for a fi-K T 
standard dev union 
Tabic 5 2 Deposition vchu ities measured by SAA offiltei papers attat hal in »alls in 
lite f-crsiev test house The /loot and telling values are the average of measured for 
two tollection sulfates The wall deposition velocities are the average of S collection 
sur fates Tin last toluomn of the Table shows the ratio between the decay constant 
found from the deposition velot ities for the individual surfaces as per equation I.*) 
and the actual observed dctav rate of the tracer aerosol 
Test 
no. 
1 
2 
3 
4 
5 
8 
9 
10 
I I 
13 
Siw 
|um| 
2 
3 
5.5 
4 
0.5 
0.5 
5.5 
3 
4 
2 
v, floor 
|l()4ms'l 
2.16 
10.14 
17.95 
39.83 
1.07 
0.536 
12.01 
3.58 
12.98 
2.88 
\j -walls 
( I 0 W | 
1 04 
3.99 
2.56 
16.33 
0.385 
0.226 
4.36 
2.57 
7.03 
2.49 
v, -ceiling 
( I 0 W | 
1.12 
13.71 
12.22 
0.127 
0.171 
1.725 
4.35 
13.34 
4.08 
*•«,.. A . . -
[ 1 
1.38 
7.39 
10.64 
0.65 
0.57 
1.69 
1.48 
3.07 
3.79 
90 Risø-R-780(EN) 
Table 5.2 shows the deposition velocities found tor the the different surfaces in the 
thirteen tests in Ferslcv. There were big variations from sample to sample for all 
particle sizes and surfaces. A similar pattern has been seen in the Riso and Imperial 
College test chambers when mixing fans were operated at medium to high speeds An 
explanation in this case and maybe also in the experiments described here was that 
there were important local differences in the flow patterns. After this experiment it 
was. however, concluded that the collectors was not properly attached to the surfaces. 
The scotch tape used for attachment left a space of I to 3 mm between the filter paper 
and the surface and airborne particles nay have reached the backside of the collectors 
by this route. Also, there may have been be deposition due to gravitation on upward-
facing edges and to the backside of the ceiling collectors. For these reasons, major 
modifications were made for the next experimental campaign in Jersie. 
The Results Trom Jersk 
In the next test house, several improvements in the sampling technique were 
introduced. A 9 cm diameter Whatman 542 filter paper was fitted into a sheet of A-4 
paper as shown in figure 5.2. This method prevented air flow behind the filter paper. 
To eliminate deposition ca'-scd b; flow phenomena at the transition from A-4 paper to 
filler paper a circle was cut from the centre of each sample and packed for activation. 
Table 5.3 shows the deposition ve'e • "-»r each of the ten sampling locations used 
in the Jcrsic test house durinu the seven tests 
O - T T A P E 
\ \ EXPOSE D 
AREA 
/ > ' ANALYSED 
/ / 
AREA 
Figure 5.2 Sketch of a Whatman no. 542 9 cm diameter/ilter paper fitted into a sheet 
of paper attached to a indoor building surface. The dashed line shows the pan of the 
collector that is covered hy the paper. Only the centre circle of the filter paper was 
used for analysis. The A-4 paper that carried the collector was taped all around to the 
wall. 
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Table 5 3 Deposition velocities to surfaces in the Jersie tesi house The hist column shows the decny constant cult uluted from the deposition velocities mctnuuul 
to the individual surfaces divided with the actual deposition lonsium 
Tesi 
2B 
3B 
SB 
6B 
7B 
2A 
3A 
1 
6A 
4 
Size 
|pm) 
0.5 
0.5 
0.5 
0.5 
0.5 
Avg. 
SD 
2.0 
2.0 
•4.0 
4.0 
5.5 
Ceiling 1 
( J O W ) 
0.4981 
0.1799 
0.0339 
0.0662 
0.0762 
0.171 
0.190 
9.093 
27.27 
17.23 
26.6) 
2.735 
Ceiling 2 
( I 0 W ) 
0.3963 
0.2730 
0.1086 
0.06b5 
0.1026 
0.189 
0.141 
11.14 
3.373 
1.867 
3.692 
1.147 
Nonh 1 
| I 0 W ) 
0.347 
0.559 
0.229 
0.172 
0.17> 
0.296 
0.163 
4.860 
10.77 
8.767 
47.85 
1.096 
North 2 
| I O W ) 
0.452 
0.344 
0.126 
0.1047 
0.1486 
0.235 
0.154 
10.99 
3.712 
2.770 
6.067 
3.057 
South 1 
l l O ' m s ' l 
0.494 
0.216 
0.119 
0.170 
0.084 
0.217 
0.154 
26.85 
32.03 
3.410 
30,44 
2.002 
Souih 2 
I I O W ) 
0.343 
0.238 
0.302 
0, l5d 
0.1 IW 
0.230 
0,09« 
28.18 
11.21 
2,889 
7.937 
1.632 
I I O W ) 
0.04« 
0.322 
0.052 
0,104 
o,()5(i 
D.I 17 
0.117 
6.111 
2.314 
2.200 
2.708 
2.077 
West 
I I O W ) 
0,454 
0.286 
(».172 
0,194 
0.140 
0.249 
0127 
8,510 
15.84 
1.158 
32.92 
1.254 
Floor 1 l'loor 2 
| IO J m> ' ) I I O W ) 
0 991 
0,93d 
2.932 
2.133 
0.915 
1.581 
0.914 
14.18 
3,714 
13,28 
44.81 
5.115 
1,761 
0.737 
2.96(1 
2,050 
0.585 
1.62 
0.981 
32.7 
5.02 
8,79 
8.65 
10.9 
KW>> 
(l.5(i 
0.54 
1.23 
0.66 
0.31 
4.3 
7.8 
2.08 
6,28 
2.14 
Summary »f Deposition Velocities Measured to Indoor Building Surfaces 
In birth trw Ki\o aerosol tesi chamber and by Byme( 1994) it has been shown that :he 
tracer technique described in Chapter 4 and 5 gives reproducible results when used for 
measuring deposition on surfaces. It has been used succesfully in two lest houses, For 
the indium particles, the measured values were in good agreement with total 
deposition in the Jest rooms. However, for the silica particles, the high deposition 
velocities did not match-up with the total mass deposited. This was the case both in 
Ferslcv and in Jcrsic where the sampling procedure had been improved The 
conclusion here must be that the deposition to the whatman filter papers differed from 
that of the interior sufaccs. Chamberlain. Garland and Wells(I984) found a similar 
differences between deposition to optically smoth surfaces and acrodynamically smoth 
filter paper for supra-micron particles in a series of wind tunnel experiments. 
Ciarland( 1994) explained the increased deposition as particles being intercepted by 
small surface roughnesses. That is. even though the filter paper used as collectors had 
the same surface roughness as wallpaper, the different surface structure can and will 
cause a significant difference in the deposition of supra micron panicles. In Table 5.4. 
average deposition velocities are shown for tests where there is an agreement between 
the surface deposition ami the total deposition. 
In deposition theory, it is often staled, sec chapter 2. that deposition to the ceiling 
should be smaller than than deposition to the walls as the settling velocity should be 
subtracted from the deposition velocities for walls. In none of the tests was such a 
reduction in deposition to the ceiling was observed. Vor the indium panicles (Table 
5.4). a little reduction was seen in deposition to the ceiling, but for all the silica 
panicles a similar or larger deposition was observed to the ceiling compared to the 
walls. Knutson ct al.(l992) also found a slight increase in deposition to the ceiling 
when measuring the deposition of particles labelled with radon daughters. This can be 
explained by the fact that for larger panicles the deposition to walls and ceilings 
occurs due stocastics processess such as inertia! impaction and interception on surface 
roughnesses and the drag from gravity becomes of minor importance. 
Table 5 4 Average deposition velocities to walls, floor and ceiling in the Jtrsie and 
Fer slev tests Selei led results. Niunher in parenthesis represents number samples used 
for the average 
Size 
[uml 
0.5 
2 
5.5 
Floor 
llO'ms'l 
I.5±0.8(I4) 
2.16+0.08(2) 
11.315.2(4) 
Wall 
[IOJms'l 
0.2410.07(40) 
1.0410.41(8) 
I.95±0.65(I0) 
Ceiling 
llO'ms'l 
0.16+0.02(14) 
1.1210.04(2) 
, _ 1.9410.79(2) 
5.2 Skin Deposition 
During the last three tests in the Ferslcv test house, samples were taken for deposition 
measurements by wiping the skin of a human volunteer. The purpose of this was to 
see if wiping the skin would remove enough deposited material lo give a good 
estimate of a lower value for a deposition velocity to skin. As wiping of the skin with 
a filter paper soaked in alcohol not can be expected to remove 100 % of the deposited 
tracer particles the obtained deposition velocities must be lower or conservative values 
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convrrvistse values of skin deposition. The wipes were made on the upper side of flu 
lower left arm of a test person wearing a T-shirt, i.e. the arm WJS not covered by 
dollies during she course of the lest. The test person was doing light activitic during 
the test; rcoding instruments and changing filter papers. The results Miowcd 
surprisingly large values of deposited matter. For the 2 um particles a deposition 
velocity of I X x l o ' m s ! was found with a standard deviation of ±20 ri. This 
obscrvaiiim showed that the experimental technique was sufficiently sensitive to ycild 
conservative values for deposition to skin and it is the approach which has been used 
in later experiments. 
Measurements of Skin Deposition During the Tests in Jersie 
For the deposition experiments to be made in the Jersie test house a protocol for 
making samples by skin wiping was discussed thoroughly. We decided to use a no. 
542 filter paper 9 cm diameter Whatman for wiping and soaked it »n ethonol. The 
filler paper was chosen to keep the background count rate .is low as possible when the 
wipes were neutron activated. F.thanol v.as chosen as detergent as domestic research 
revealed this as the major ingredients in skin tonics for make up removal. Alcohol is 
also used by doctors and nurses when cleaning an area of the skin before injections, 
etc. The sampling procedure was as follows: 
- Before the experiment an area of 40 cm" was marked on the lower left arm anil the 
right check of the face TJ)c areas were then washed and cleaned with a paper tissue 
soaked in cfhanol. 
- During the experiment, the test person performed light activities such as reading 
instruments and typing on a portable PC with a TFT-screen. 
- After the experiment, the test person and an assistant went (c an adjacent room. 
where the assistant put on clean gloves, soaked a filter paper in alcohol and cleaned 
a marked area thoroughly. This sample was placed in a sealed bag and the second 
area was cleaned with a new filter paper 
- To lest the wiping efficiency a second wiping of the marked area of the arm was 
made after the first wipe in some tests. 
The skin deposition velocities were calculated by the following formula: 
Mass deposited 
v
" " " ^ — ^ F F (42) 
40 cm - L Exposure rime 
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Table 5.5. Deposition velocities to skin, hair and doth found in the seven tests in 
Jersie. The number in parenthesis represents the number of samples that the average 
is Imsed on. The deposition velocities to the arm and face were measured to the same 
test subject. CL. in all tests. The cloth was cotton pieces cut from a laboratory coat. 
The deposition velocity to hair was found from hair samples taken from the head of 
CL 
size. dp 
[um| 
0.5 
2 
4 
5.5 
Vj -arm 
H O W ) 
2.07±0.67(5) 
I6.70±3.67(2) 
16.2214.14(2) 
39.45±0.0( 1) 
Vj -face 
M O W ) 
2.6I±1.05(5) 
19.4114.27(2) 
21.1710.0(1) 
60.1610.0(1) 
vd -cloth 
[ l O W ] 
2.6310.77(6) 
24.215.2(2) 
39.8113.8(4) 
78.1135.6(2) 
va -head 
[ I04ms' l 
3.4111.77(8) 
37.214.56(2) 
35.2115.1(4) 
28.017.4(2) 
Table 5.5 gives the average skin deposition obtained from the samples from the 
Jersie test house. The results showed a clear increase in deposition with increasing 
particle size, as would be expected due to the increased effect of gravitation, and 
deposition to the arm and face of the test person were similar for each particle size. In 
all tests the same test person, CL. was used. The variations in these data exceeded the 
standard deviation due to the gamma analysis by a factor of 4 to 6. When discussing 
the test procedures, several problems were identified. The outline drawn of the test 
area did not provide a satisfactory control of the sample areas. Especially it was 
difficult to keep within the outlined areas when performing a thorough scrubbing. 
Secondly, differences in wiping efficiency are believed to have caused variations, as 
different persons did the wiping after the tests. This was confirmed by the observation 
that on several of the wipes made to test the wiping efficiency carried just as much 
tracer as the first wipe of the area. Another source of error was the determination of 
the average concentration of tracer aerosol in the test room. The dispersion of the 
indium and dysprosium tracers were started some minutes before the air sampling 
made to determine the decay constant of the tracers. To better determine the total 
integrated room concentration a 'pre-filter' was made by air sampling during 
dispersion and included when calculating the deposition velocities to individual 
surfaces. Another question is whether the measurements of the room air concentrations 
were absolute. Here, especially the filter efficiency of the Whatman no. 542 filter 
papers used for air sampling was important. The filter efficiency was measured by 
passing the air-aerosol mixture through a series of filters and measuring the relative 
amounts of particulate collected by each filter. A filter efficiency of 97 % were found 
and in all calculations, a filter efficiency of 100 % has been assumed. 
Measurement of Deposition to Skin in an Office 
To improve the protocol for measuring skin deposition some changes were introduced 
and measurements made in an office at Risø. Metal templates were made to encircle a 
selected area of the arm after exposure. The frame had a rectangular opening of 8 cm2. 
This enabled us to wipe a fixed area much more thoroughly. 
To minimize the risk of contaminating the samples one person handled the 
equipment and dispersed the aerosol and an other person waited in a laboratory, two 
closed doors away from the test room, to do the sampling. When the aerosol had been 
dispersed the test persons entered the room and carried out the agreed activities for 20 
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minutes. A single air sample was made during the exposure period. After exactly 20 
minutes the test persons left the office and went to the clean laboratory. Here, all the 
sampling was performed by the unexposed person. This procedure should ensure well 
defined exposure time and average air concentration. 
During the office experiment the two test persons were typing on PCs. one. CL, in 
front of an EIZO colour screen with a normal static field and one. KGA. in front of a 
TFT screen with no electrical field. CL had sparse hair growth and KGA had rich hair 
growth on the arm. The facial hair of both test persons had been freshly shaven. Skin 
wipes were made from the lower right arm of KGA and both CLs arms. 2 micron 
panicles labelled with Dysprosium and O.S micron particles labelled with Indium were 
used in the test. The results, as seen in Table 5.6. were consistent for all samples. The 
samples from faces and CLs arm had approximately the same deposition velocity and 
the hairy arm of KGA had the largest deposition for both particles sizes. No 
significant changes in deposition pattern can be seen due to the different PC-screens in 
front of the test persons. 
Tabic 56 Skin deposition velocities for 2 and 0.5 micron particles from experiment in 
an office Exposure time was 20 minutes. 
Description 
of sample 
KGAs face 
KGAs arm 
CLs face 
CLs right arm 
CLs left arm 
Amount 
fug m 2| 
1.74 
2.15 
0.88 
1.67 
1.68 
Ai rC. 
fugnr'l 
0.22 
0.22 
0.22 
0.22 
0.22 
\\i 2 pm 
l i o W ) 
66.1 
81.6 
33.3 
63.4 
63.6 
Amount 
|ugm:) 
2.31 
5.26 
2.83 
2.92 
3.47 
Ai rC. 
lugnv) 
3.26 
3.26 
3.26 
3.26 
3.26 
\-j 0.5 urn 
l i o W ) 
5.92 
13.47 
7.25 
7.48 
8.89 
During the lest the air movement and turbulence intensity was measured with three 
anemometers from Dantec A/S. The air speed at the three measuring points ranged 
from 0.1 to 0.25 m/s and the turbulence intensity ranged from 45 % to 20 %, with the 
highest intensities for the slowest air movement. 
Discussion 
The values found in the office test are 3 to 4 times larger than the values found in the 
Jersie test house. The improved experimental protocol combined with the consistency 
of results make the later values more reliable. 
Recently Gudmundsson et al.( 1992) have presented measurements of deposition 
velocities to the eye and forehand of a human mannequin for particles with an 
aerodynamic diameter from 2.7 to 28.7 pm. These measurements have been used in 
the formulation of semi-empirical model by Schneider et al.(l994). For the 2.7 pm 
particles and a turbulence intensity of 20 % a deposition velocity of 1.4 xlO' ms' was 
found. This is approximately 1/4 (it is 1/2 of the v(/ found to CLs face) of what the 
average vrf found in the office test for the 2.5 urn particles. Several aspects may be 
responsible for the difference between the obtained values. 
96 Risø-R-780(EN) 
The particles used were different and though they were sized with the same 
instrument both shape and density differs. 
The sample surfaces have a different surface roughness. The mannequin is smooth 
and has no hair growth at all. 
The mannequin is not heated. A study by Bel 1(1994) at Imperial College found the 
deposition velocity to a unhealed metal cylinder to be 17 % to that of the deposition 
velocity to an arm. For the same flow conditions the deposition velocity was 4.4 
times larger to a heated cylinder or 74 % of what he found to an arm. 
5.3 Deposition to Hair 
Another surface considered is the hair. During the Jersie tests samples of hair were 
made. For these samples the amount of tracer per gram of hair was determined. The 
problem was now to convert these numbers into deposition velocities. A proposal was 
that if the deposition occurred mainly on the outer layers of hair the total deposition to 
a head could be determined by collecting the hair after a major hair cut. To look at 
the deposition pattern some hair samples were cut at bottom of the head. They were 
then divided into 3 - 6 samples of app. I.S em's length. Figure 5.3 shows a typical 
situation with little deposition close to the head and more than 50 % deposition in the 
outer fifth of the hair. The weight of the first hair cut was used to estimate the total 
deposition to the head. The area of the head covered with hair was determined by 
fitting a piece of paper to the head of the lest person. Equation 43 shows the formula 
used to calculate the deposition velocities for the Jersie samples shown in the last 
coloumn of Tabic 5.5: 
[".? "/ tracer] x [Total mass of outer hair 
[wight of hair sample] .v [Area of head] x T (43) 
rijwwirr 
The total mass of the outer hair was 5.75 g and the hair covered area of the head 
was estimated 'o be 0.09 m~. Each of the hair samples used in this calculation was 
taken from the outer 1.5 cm hair layer. Due to the uncertainties on the average 
deposition profile the head and the many rough estimates a uncertainty of a factor of 
two must be assume for the numbers presented. Also, the test person in these tests had 
short very smooth hair and significant differences must be expected in the deposition 
pattern to persons with curly hair or long hair. 
ng tracer 
SHI Top ol hnd 
Figure 5.3. Profile of deposition to hair. Each sample is app. 1.5 cm long. 
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TtihL- 5.7 Dvpusnims velin ities measured to hair Thr deposition velocity to hair is 
given per surface of a single hair Hair diameter 50 iim and density is 15 gcm\ 5.75 
g = 0.02-14 nr The deposition velocity to the head is found by dividing the '»,/ with 
the area of the test persons head: app. 0.09 m2. 
Size 
0.5 
2.0 
Amount 
of tracer 
ln/g| 
214 
3.49 
Total 
weight 
of hair 
[gi 
5.75 
5.75 
Total 
Deposited 
(n) 
1200 
20 
Air cone, 
[ugm') 
3.26 
0.22 
i j to the 
head 
( l O W ) 
34.1 
8.44 
v,,-hair 
(ms'] 
0.0126 
0.0031 
To collect material for major haircut a volunteer test person let his hair grow for 
two months after the Jersie tests. After the test in the office the lest person had a 
complete hair cut to measure the total deposition to the head. The hair was cut twice 
and approximately one third of the hair was removed each time. Each of the two 
samples were weighed. Then each sample was cut into small pieces and mixed in a 
bag. Three samples for activation were taken from each bag of hair. The results are 
shown in Table 5.7. 
5.4 Deposition to Clothes 
During the tests in Jersie an effort was made to measure the deposition of particles to 
clothes. 150 cm2 pieces of cotton fabric was attached to the upper and lower sleeve of 
the right arm of the test person during six of the tests. 6-8 cm2 pieces were cut from 
the centre of each sample and analyzed by neutron activation. The deposition 
velocities was found as by equation (42). Standard deviation for the gamma counting 
was 8-10 % and the standard deviation on the average deposition velocity for each 
panicle size are 20 to 30 %, The average deposition velocity was a little higher to the 
lower sample but the difference was much less than the standard deviation on the 
averages and thus not significant. So the average deposition velocity for all samples at 
both locations are the figure which are presented in the second last coloumn of Table 
5.5. 
6 Modelling of the Protective Value 
of Houses 
The litterature (reviewed in Chapter 2) failed to reveal a model or code suitable for 
describing or predicting the deposition rates of supra-micron particles to indoor 
surfaces. In an effort to improve the situation in support of predictive modelling of 
accident scenaries, a number of experiments were carried out to obtain deposition 
rates for specific panicle sizes and they were described in Chapter 4 Since all the 
important transport processes for particles (diffusion, settling and inertial impaction) 
depend on the particle diameter the relationship between deposition velocity and 
particle size has been examined by fitting linear and power functions to the measured 
data. 
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The empirnal c\/»essions deiivid foi indtt-r deposition velocities have tkcr. hcca 
used in a simple model in order to predict dose reduction fin tors The knowledge 
obtained through the measurement of size distribution for different isotopes aftei the 
Chernobyl an idem was used to predict isotope-specific protection factors 
6.1 Empirical Models for Indoor Deposition 
Loss-rates of airborne particles were measured in four different houses and the results 
presented in chapter 4. A special effort has been made to determeine the effect of 
furniture in the test rooms. An attempt was made in the BRE test house to examine 
the effect of increasing the turbulence by running large fans during some tests, but the 
results from these tests showed a lower than expected tracer concentration in the test 
room and had slower decay than the tests without fans. It was concluded after these 
tests that the fan speeds used had been too high and that after a fast initial deposition 
resuspension caused the slowly declining low level tracer concentration in the room. In 
the next experiments smaller mixing fans were used at lower fan speeds and good data 
was collected on the air motion and turbulence in the Fcrslev and Jersie test house, but 
the amount of data is insufficient to enable an analysis of the relationship between 
turbulence intensity, particle size and deposition velocity. Single cases in the (wo tests 
houses indicated an increased deposition when the turbulence level was increased. 
Two data sets were selected were the correlation coefficients were better than 0.95 
for the tracer aerosol decay curves. Twelve results from unfurnished houses and 
fifteen results from furnished houses were chosen. Experiments where small nixing 
fans were operated during the test have b."en included in these data sets. A power 
regression and a linear regression have been made for the two data sets, expressing the 
deposition velocity as a function of the panicle size. Average deposition velocity was 
chosen rather than the deposition constant in order to take the different surface to 
volume ratios of the test rooms into account. Equations (44) and (45) shows the linear 
regression and the power regression expressions found for the unfurnished rooms. The 
correlation coefficients are given in the parentheses: 
Vil=O.54rf/i*0.40(/-^().90) (44) 
V/=().946(</i)"7l(;=0.96) (45) 
and equation (46) and (47) shows the results for the furnished rooms: 
V,=0.64<//0.53(/-0.95) (46) 
V,-1.23(rf/>),,ft,(;=0.96) (47) 
where v, is the average deposition velocity to all surfaces and dp is the particle 
diameter. In both the unfurnished and the furnished rooms the power regression had 
the best correlation coefficient, i.e. 0.96 compared to 0.90 and 0.95. The deposition 
velocity was found to increase with the 0.71 and the 0.65 power of d^ This clearly is 
not in line with the theoretical predictions of Nazaroff and Cass(l989) 'hat for 
particles larger than I urn the deposition velocity should increase according to the 
.square of the diameter of a particle. Also the deposition velocities found were much 
greater than those predicted by the theories presented by Nazaroff and Cass. However, 
the findings are in good agreement with the experimental results by Schneider et 
al.(l994) and Sehmel(l973). They found that the deposition velocity increased linearly 
Risø-R-780(EN) 99 
with the particle size in the particle size range investigated. Since the formulae 
presented in equations (44) to (47) are purely empirical, it must be emphasized that 
they are not valid outside the particle size range investigated, i.e. O.S to 5.5 urn. 
The regression lines are shown together with the data points in Figures 6.1 and 6.2. 
It can be seen that the data obtained in the four different houses are in good 
agreement. The fact that the gradient of the line declines as the particle size 
increasesis in line with a hypothesis that inertial turbulent mixing is the process 
responsible for the larger than expected deposition. Such an effect would decrease 
with increase in panicle size, where the increased inertia makes the particles less 
susceptible to turbulent eddies and more likely to have a steady downwrd motion 
resulting in a high deposition to the floor. 
Deposition velocity (IOe-4 m/sl 
2 3 4 
Particle diameter [//ml 
* Unfurnished rooms Power reg. Linear reg. 
Figure 6.1. Linear and power regression line of the deposition velocity data from the 
four unfurnished test rooms Only the twelve data points with correlation coefficients 
heifer than 0.95 for the decay constant are included in the regression The regression 
formulae are shown in equations (44) and (45) 
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Deposition velocity (10e-4 misl 
5 
1 2 3 4 5 
Particle diameter [//m] 
x
 Furnished rooms Power reg. Linear rsg. 
Figure 6.2. Linear and power regression line of the deposition velocity data from the 
four furnished test rooms. Only the fifteen data points with correlation coefficients 
better than 0.95 for the decay constant are included in the regression. The regression 
formulae are shown in equations (46) and (47). 
6.2 A Simple Model for the Protective Value of a 
House 
Engelmann(l992) made an important point when he noted that estimates of the 
protection offered by buildings in case accidents involving releases to the atmosphere 
should be realistic and not conservative if an optimum emergency response is to be 
achieved. When the civil defense authorities need to decide between evacuation or 
sheltering they need to have a realistic picture of the consequences in order to make 
the correct decision. Present models of the effect of sheltering during releases of 
radioactive materials to the atmosphere consist of a single factor giving a common 
dose reduction factor, DRF, for all nuclides. A value of 0.5 is currently used in 
probabilistic accident consequence assessment codes, Brown( 1989) (except noble gases 
for which DRF - 1.0, i.e. no reduction in inhalation due to indoor residence). In order 
provide a more realistic model that takes into account properties of the released 
material the empirical formula for indoor deposition is used together with equation (8) 
to calculate dose reduction factors, DRFs. equation (48) shows the derived formula: 
\{U „AT) 
DRF- ' ""r (48) 
S/V-l.23(d/))"M+X,(f/wMrAD 
where the deposition constant, Xj, is found by multiplying the average deposition 
velocity with an average S/V ratio for the buildings in question. In the review by 
Engelmann(l992) surface to volume ratios were summarized for a number of different 
buildings: 1.74 m' for apartment buildings/houses, 1.3 m' for office buildings and 
0.66 m' for industrial buildings. These values do not include contributions from 
furniture and eqiupment in the room. The S/V ratios of the test rooms used indoor 
deposition measurements were also determined without including furniture and were 
presented in Table 4.8. The average S/V of the test rooms was 1.69 m' and a value of 
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1.7 m ' has been used in the mode! calculations shown in Figure 6.3. 
The air-exchange rate can be expressed as a function of the weather conditions, 
outdoor temperature and wind speed. The temperature difference over the building 
envelop can be expressed as the difference between the outdoor temperature and the 
indoor temperature, typically about 21 *C. The air-exchange rate was determined as a 
function of these parameters for a typical Danish houses by Kvisgaard et al.(l984). 
Engelmann(l992) quoted several references and used an equation similar to equation 
(12) for calculation of air-exchange rates for houses in the USA from data on wind 
speeds and temperature difference. 
In Figure 6.3 the DRF is plotted as a function of particle size for three different 
values of the air-exchange rate. An assumed surface to volume ratio of 1.7 m"' was 
used in these calculations. It can be seen that the DRF decreases significantly with 
panicle size. The three values for the air-exchange rate used (0.25. 0.5 and 1.0 h') 
represents a low. medium and high value and the DRF varies between 0.1 and 0.7 or 
factor of seven depending on the panicle size for these air-exchange rates. These 
relatively large variations in DRF clearly justifies a more detailed model for the DRF. 
In i 986 the reactor unit no. 4 at the Chernobyl nuclear power plant blew up and the 
biggest release to the atmosphere of radioactive material from a nuclear power plant 
occured. As discussed in Chapter I detailed information was obtained on the size 
distribution of the released nuclides. Partly to investigate what isotope specific DRFs 
that could be assumed for the release products and partly to suggest DRFs that might 
apply in future situations. With the equation derived here for the protective effect of 
houses and the protection factors were calculated for the three main groups of 
Chernobyl aerosol for a house with X, =0.5 h': 
• Paniculate iodine: The AMAD of particulate iodine was about dp= 0.5 urn 
(e.g. Tschiersch and Georgi(l987)) and from this a DRF 
of 0.5 is obtained 
• The volatile group: Cs-137 had an aerodynamic diameter of clr = 1.0 can be 
assumed (e.g. Jost et al.(l986)), and that leads to a DRF 
of 0.4. 
• The refractory: For this group that includes the fuel fragments an AMAD 
of 4 pm can be assumed (e.g. Rulik el al.( 1989)) leading 
to a DRF of 0.2. 
Current accident models assume a uniform DRF of 0.5 for indoor residence. The 
results presented here suggest that an isotope-specific DRF would be justified with 
lower DRF's for the refractory group. Particle size measurements closer to the 
accident site plant would probably have recorded an even larger AMAD for this group 
and subsequently a even better DRF. The variation in the DRF depends on the size the 
activity size distribution of the isotope, and that is dependent on the properties of the 
corresponding chemical element 
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DRF(dpt0.25) 
DRF(dp,0.5) 0.5 
DRF(dp,L0) 
0 
0 2 4 6 
d p ["/»•»] 
Figure 6.1 DRF's as function of particle size and air-exchange rate. The number after 
'dr' in the left margin of the figure is the air-exchange rale for that line style. A 
surface to volume ratio of 1.7 m' have been used corresponding to a medium sized 
living room The vertical lines indicate the valid particle size range, i.e. 0.5 to 5.5 jun. 
Ventilation of Buildings After the Passage of a Cloud 
Several authors (as discussed in chapter I) believed that increased ventilation after 
passage of a cloud of radioactive particles is an important part of the potential DRF. 
To examine this view, equation (5) has been solved numerically for a non-rectangular 
cloud passage. As the effect of ventilation will be greatest for particles with a lower 
deposition velocity (they remain airborne longer) a deposition constant of X^  = 0.4 
(corresponding to the minimum deposition velocity observed for a 0.5 urn particle, 
app. 0.6x10"' IDS') was assumed in the calculations. The cloud passage has been 
described by a stepwise linear function (the dotted line in Figures 6.4 a & b). For 100 
minutes the outdoor concentration was assumed to increase linearly to a pollutant 
concentration of 100 in arbitrary units, it then stayed constant for 100 minutes and 
then it declined linearly for 100 minutes. A solution has been found for two values of 
X,: 0.4 h1 corresponding to the average for Danish houses and 0.8 h"', which is a 
suitable value for a British houses. The equilibrium ratio between indoor and outdoor 
concentration is shown by the broken line and the indoor concentration is shown by 
the solid line in Figures 6.4 a & b. 
By comparing the indoor and outdoor concentrations shown in figure 6.4 it can be 
seen that there will be a significant time delay from the start of the decline of the 
outdoor concentration until the indoor concentration is actually higher than the outdoor 
concentration. The exact time for this will under all circumstances be impossible to 
detect in case of an accident as it will differ from house to house. From a practical 
point of view the earliest time for advising the public to open doors and windows 
must be when the outdoor concentration approaches zero. If it is assumed that the 
persons under shelter breathe clean air from this moment a reduction in inhalation 
dose of 19 % will be achieved. This value is for nearly optimal conditions: a slowly 
depositing panicle in a reasonably well sealed house and for a cloud passage of short 
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duration (Figure 6.4 a). If the air-exchange rate is increased to 0.8 h' (Figure 6.4 b) a 
reduction of only 10 % will be obtained. In all these calculations it has been assumed 
thai the indoor pollutant concentration could be reduced imeadiatcly by opening door 
and windws but even in this case the air exchange might be rather slow especially in 
weather with tittle or no wind and the acheived reduction will be lower For cloud 
passages of longer duration, for larger particles with a higher deposition velocity and 
for more leaky houses the reduction due to ventilation after Ihe cloud passage becomes 
neglicible. 
Such uncertain possibilities for dose reduction do not justify the incorporation of 
ventilation after cloud passage as a inherent part of the Dose Reduction Factor, but of 
course the civil defense authorities should keep the positive effect in mind in case of 
an accident and encourage ventilation after a toxic release has passed ar inhabited 
area, especially if the release involves slow deposition gases. 
100 -
Cin. 
Com. 
Cequ, 
Figure 6.4 a & h. Non-rectangular cloud passage and equilibrium ratio for \, = 0.4 h 
'.(a) top figure, and X,= 0.8 h',(b) bottom Figure 
104 Ris«t-R-780(EN) 
6.3 Comparison of Results 
In Table f>. I the experimental results obtained from the Be-7 experiments and from the 
indoor deposition measurements using artificial tracers arc compared with the 
theoretical results obtained by Na/aroff & Cass( 1989) and the wind tunnel results of 
Sehmel( 1973). In general ilie theoretical predictions Nazaroff & Cass are similar to the 
deposition velocities measured in the unoccupied houses with Be-7 as a tracer and a 
natural air exchange. The deposition velocities measured with artificial tracers were 
about 4 times larger than these values in the size range from 0.5 to 2.K um This 
increase in deposition velocity must be attributed to the presence of scientist, pumps 
and other equipment in the test room created an increased air motion and additional 
surface for deposition. When a forced air-exchange is applied the deposition velocities 
increased both in Vcllerup and Fersfcv and again it must be attributed to the increased 
air motion. 
Table 6.1. Review of experimental results and theoretic values of average indoor 
deposition velocities. The second and third (olumn gives the values obtained In the 
HO impactor experiment in Fer slev. The column termed silica panicles have IKCH 
obtained by using the empirical formula given by equation (47). The 'Nazaroff <& 
Cass' and 'SehmeT column was obtained by reading the figures in the respciiiw 
papers. The last column gives the sedimentation velocity calculated from equation 
120) 
Size 
luml 
0.35 
0.71 
1.4 
2.8 
5.5 
Bc7 
Natural 
air-ex. 
[I04ms'| 
0.19 
0.17 
0.13 
0.67 
-
Bc-7 
Forced 
air-ex. 
| I O W l 
0.17 
1.33 
2.66 
3.88 
-
Silica 
particles 
| I 0 W | 
-
0.98 
1.53 
2.40 
3.03 
Nazaroff 
& Cass 
[I04ms'| 
0.04-0.07 
0.06-0.09 
0.2 
0.6 
2.2 
Schmel 
[ I 0 W | 
0.08-0.25 
0.3-0.4 
1.0-1.5 
3-10 
15-100 
[I04ms'| 
0.05 
0.19 
0.66 
2.48 
9.29 
7 Summary and Conclusions 
Slate or Art 
In order to determine ihc protective effect offered by houses in case of radioactive or 
toxic releases to Ihc atmosphere, a the literature rewiev was carried out and the key 
parameters identified. It was found that most authors agreed on an expression like 
equation (8) to describe the potential dose reduction factor. DRF. Indoor deposition is 
an important part of this equation, but very little was known about this subject. As a 
result, little explanation or modelling has been possible for the numerous references 
dealing with I/O ratios of pollutants. A primary objective in the project reported here 
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was to measure indoor deposition for panicles of different sizes in order to enable the 
construction of models for predicting potential DRFs in emergency situations 
Modelling of Indoor Deposition 
Through a review of papers modelling deposition inside vessels it was concluded that 
only the paper by Nazaroff and Cass(l989) provided formulae that could be used for 
prediction of deposition velocities from directly measurable physical parameters. 
Unfortunately, the model was not valid to the for larger panicles of interest in this 
study. Nazaroff and Cass predicted that the deposition velocities to walls and ceilings 
would approach zero as the panicle size increased, whereas the measurements of 
deposition velocities to walls and ceilings presented in chapter S clearly showed an 
incxasc in deposition to these surface for panicles above I pm. The results of the 
study reported here were in line with the experimental results obtained by 
Bymef 1994). SchmeK 1973) and others. 
Indoor/Outdoor Measurements Using Atmospheric Be-7 Labelled Particles as a 
Tracer 
The size distribution of panicles carrying Be-7 ir the atmosphere has been measured 
and found to vary between 0.7 and 1.0 pm. It was observed that the activity 
distribution of Be-7 followed that of the mass distribution in the atmosphere. 
Rcincking et al.( 1987) came to the same sonclusion. 
Using natural aerosol panicles carrying Be-7 as a marker, it was shown that there 
were no significant loss of particulate during the ingression of air into the test house. 
No such nitration has been found and no filtration has been assumed in modelling the 
protective value of a house, though some uncertainty still exists, especially for larger 
panicles. 
Two impaclors were used to determine simultaneously the size specific I/O ratio of 
Be-7 labelled panicles. The deposition velocities derived from these measurements, 
assuming no filtration, agreed well with the deposition velocities measured with 
artificial tracers This supports the view that filtration by the building envelop is of 
little or no importance for the panicle size range studied: 0.35 to 2.8 um. 
Indoor Deposition Measurements 
Indoor deposition rates have been measured in four different houses with 5 different 
monodisperse aerosol tracers in the size range 0.S pm to S.5 um. The results were 
divided by the surface to volume ratio of the lest rooms in order to obtain comparable 
results. Results from the four test houses are in good agreement both for unfurnished 
and furnished rooms. Linear and power regressions for the two cases alt had 
correlation coefficients better than 0.9. The deposition velocities were found to 
increase linearly or with the 0.7 power of the panicle diameter, but not with the 
square of the panicle diameter. 
In general, deposition velocities were 3 to 4 times greater than what has been 
predicted by the models presented by Nazaroff and Cass(l989). This can be explained 
by the higher deposition velocities to vertical surfaces found by the passive sampling 
method described in Chapter 5. Low values of deposition velocity were found in the 
unoccupied test house in Ferslev where impactors were used to determine the size-
specific I/O ratio determination of Be-7 labelled particles. When the air movements in 
the Ferslev test house were elevated due to increased air exchange or central healing. 
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the deposition velocities for different size classes of Be-7 labelled particles were found 
to be in good agreement with those found with the artificial tracers. 
Skin Deposition 
As a spin-off of the particle tracer technique developed, skin deposition velocities 
were measured for five particle sizes. The deposition velocities found were larger than 
expected (up to 7xl04 ms' for 0.5 pm particles and 6x10' ms1 for 2 um particles). 
These results means that up to 10 times as much toxic material is deposited on the 
skin as is inhaled. For radionuclides emitting ({-particles or for toxics that can be 
absorbed through the skin this means that the largest contribution to dose could come 
from deposits on the skin. This observation clearly has implications in occupational 
health. 
Modelling the Protective Effect of Houses 
The study of the effect of ventilation following thassage of a cloud of radioactive 
material showed that this effect was of minor importance when non-rectangular cloud 
passages were considered, even for optimal conditions, compared to the uncertainties 
due to variation of air-exchange rates and deposition constants. It is concluded that 
ventilation after cloud passage should not be included in the calculation of the DRFs, 
but should be kept in mind as a possible means of further dose reduction after a cloud 
has passad. 
After the Chernobyl accident measurements of size distributions of atmospheric 
particles a distinct pattern was found for three classes of radio-nuclides. As the 
activity size distributions for the diferent isotopes depended on the chemical properties 
of corresponding element it can be assumed that the activity distribution of a future 
radioactive release to the atmosphere will resemble that of the Chernobyl aerosol. 
Using the size information obtained from the measurements of the Chernobyl aerosol 
and the empirical expression for the indoor deposition derived in chapter 6 it is 
concluded that different dose reduction factors can be obtained for different classes of 
radio-nuclides. For the standard of buildings prevailing in the northern part of Europe 
typical values would be 0.5 for particulate iodine, 0.4 for volatile elements, e.g. Cs-
137, and 0.2 for refractory elements, e.g. strontium, plutonium. These values depend 
on the air-exchange rate, which in turn will depend on the weather conditions and the 
tightness of the buildings considered. 
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